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ABSTRACT 
A literature review and experiments were conducted to determine the effects of temperature 
on the toxicity of three materials to fish (fathead minnows, Pimephales promelas, Rafinesque). 
These three toxicants (oil refinery waste, sodium chlorate, and treated sewage) were studied at 
different temperatures using standard static bioassay techniques. The treated sewage was generated 
by a compact zero discharge treatment system which will disinfect, remove suspended solids, and 
remove oxygen demanding materials by physical and chemical means. 
The oil refinery waste and treated sewage were chemically characterized. Using these 
~haracterizations and toxicity data from literature, attempts were made to determine the chemical 
components in these wastes responsible for toxicity. Phenol was found to exert 40 percent of the 
total toxic action exerted at the TLso concentration for the oil refinery waste assuming that the 
toxicities of all substances in the oil refinery waste were additive. Sodium chlorate and sodium 
chloride were found to exert less than 35 percent of the total toxic action exerted at the TLso 
concentration for the treated sewage, assuming that the toxicities of all substances in the treated 
sewage were additive. 
Median toxic limit values obtained for a waste at different temperatures were statistically 
compared to determine if a significant difference occurred. Median lethal time values were also 
obtained for each waste at different temperatures and statistically compared to determine if a 
significant difference occurred. In some cases the median lethal time values calculated for the oil 
refinery waste and treated sewage were found to decrease significantly with increases in 
temperature. In the other cases, the median lethal time for these t6xicants did not change 
significantly with an increase in temperature. In every case the TLso values for oil refinery waste 
increased significantly with a temperature increase, whereas, TLso values for treated sewage 
decreased significantly in some cases and did not change significantly in other cases. The median 
lethal time and TLso values for sodium chlorate did not change significantly with temperature 
increases. 
From the comparison of median lethal times, found at different temperatures, the mode of 
toxic action was predicted for each toxicant. The mode of toxic action for toxicants (e.g., phenol, 
etc.) in the oil refinery waste appear to involve one or more chemical reactions. These chemical 
reactions might be involved in the adsorption of a toxicant and/or in the incapacitation of 
receptors (enzymes, cell membranes, or other specialized functional components of a cell). The 
mode of toxic action for sodium chlorate or toxicants in treated sewage probably involves physical 
processes, such as diffusion and osmotic pressure. 
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INTRODUCTION 
Temperature and Toxicity 
A temperature rise in a receiving water will affect 
the toxicity of a substance to fish in many ways. The 
metabolic rate of fish increases with increasing tempera-
ture affecting the rate of excretion of toxicants, the rate 
of direct uptake of toxicants from the aquatic medium, 
and the rate that toxicants are distributed throughout the 
fish by blood circulation. Increasing temperatures can 
affect passive diffusion and active transport of toxicants 
across plasma membranes, and will also influence chemical 
reactions between toxicants and receptors (enzymes) 
wi thin an organism. 
The Extent of Thermal Pollution 
Most of the thermal pollution in receiving waters of 
the United States originate from cooling water discharged 
by steam-electric power generating plants. Cooling water 
for these power plants is drawn from rivers, lakes, and 
oceans, and is discharged at higher temperatures. An 
average cooling water temperature rise of 7.23 C was 
calculated from steam-electric power plant discharges in 
the United States for the year 1965. Cooling waters used 
for steam-electric power plants comprised approximately 
10 percent of the total flow of rivers and streams in the 
United States for that year (Parker and Krenkel, 1969). 
The use of cooling water for power plants is expected to 
increase, along with a 10 percent per year increase in 
power consumption. Usage of cooling water will also 
increase with the advent of the nuclear power plants that 
are, at the present time, less efficient than fossil fuel 
power plants (Levin et al., 1972). Other sources of 
thermal pollution; industrial wastewaters and cooling 
waters, irrigation return flow, domestic sewage waters, 
and solar radiation, also contribute to a rise in the 
temperature of receiving waters. 
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Purpose and Scope of Study 
The purpose of this study was to determine the 
effects of thermal pollution, or water temperature rises, 
on the toxicity of substances to fish. Three toxic 
substances or toxicants were studied: An oil refinery 
waste, sodium chlorate, and a physically and chemically 
treated sewage. To evaluate the effects of thermal 
pollution on the toxicity of these toxicants, three static 
bioassays, each at a different temperature, were con-
ducted on each of these toxicants. The magnitude of 
toxicity for these toxicants was measured using the 
median toxic limit (TL50 ) and the median lethal time (ET 50)' The TL50 values calculated from data obtained in 
this study are defined as the toxicant concentration at 
which 50 percent mortality occurs during a 96-hour 
bioassay test; whereas, the ET 50 values are defined as the 
time at which 50 percent mortality occurs at a given 
bioassay test concentration. The median effective time 
abbreviation (ET 50) is used to deSignate the median lethal 
time, since the actual abbreviation for median lethal time 
(LT 50) is often confused with the abbreviation for the 
median toxic limit (TL50). A T~jO value was determined 
for each bioassay, and statistically compared with other 
TL50 values obtained from bioassays conducted on the 
same toxicant but at different temperatures. ET 50 values 
were determined for the different waste concentrations 
used in each bioassay and statistically compared to ET 50 
values calculated for the same toxicant and toxicant 
concentration, but at different temperatures. With the 
ET 50 values found in this study, an attempt was made to 
determine whether the mode of toxic action of a waste or 
toxicant to fish was due to chemical or physical inter-
actions. Using TL50 values found in the literature, toxic 
components within the oil refinery waste and treated 
sewage responsible for a major portion of the toxicity 
were identified where possible, and the effects of tempera-
ture on the toxicity of these components were also 
identified. 

LITERATURE REVIEW 
Oil Refinery Waste 
The toxicity values reported in the literature for oil 
refinery wastes are generally quite difficult to correlate. 
This difficulty in assessing refinery waste toxicities is 
caused by many factors: 
1. Oil refinery wastes differ in toxic composition 
because many refinery wastes are composed 
of various amounts of waste effluents from 
various oil refining processes. 
2. Technology of the refining processes affects 
refinery waste composition. 
3. Degree of waste treatment, if any, will also 
affect refinery waste composition. 
4. Different fish species used in evaluating the 
toxicity of refinery wastes have different 
tolerances. 
The simplest and most accurate method for comparing oil 
refinery waste toxicities is to sample wastes from in-
dividual refining processes and make a complete chemical 
characterization of toxic components. 
The components that are responsible for the 
toxicity of oil refinery wastes, in many cases, are phenol 
and hydrogen sulfide. Table 1 gives toxicity values for 
different refinery wastes found in the literature, the 
phenol concentration, the hydrogen sulfide concentration, 
and the origin of the waste where possible. Table 2 shows 
toxicity values for phenol using fathead minnows and 
rainbow trout, and the effects of temperature on phenol 
toxicity. Other toxicity values for phenol using different 
fish species could have been tabulated, but the amount of 
toxicity data is large and wo~ld not relate directly with 
the toxicity of phenol to fathead minnows. A compilation 
of toxicity data for various fish has been presented by 
McKee and Wolf (1971) and the EPA (1971). A similar 
compilation of toxicity data in relation to temperature 
has been presented by Middlebrooks et al. (1973). 
Ammonia 
Ammonia was a chemical constituent of the oil 
refinery waste and the treated sewage used in this study; 
therefore, the toxicity of ammonia and the variables 
which affect ammonia toxicity are important. The dis-
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solved oxygen concentration, carbon dioxide concentra-
tion, hardness, temperature, alkalinity, and pH are all 
variables that have I been shown to affect the toxicity of 
ammonia. The pH of water probably affects ammonia 
toxicity the most. At high pH values ammonia is more 
toxic since a larger portion of the total dissolved ammonia 
is in the form of undissociated ammonium hydroxide 
(NH4 OH), which is more toxic than the NH4 + ion. The 
reversible equation for dissolved ammonia which shifts to 
the left as the pH increases is: 
To give an example of the effect of pH on ammonia 
toxicity, McKee and Wolf (1971) found that the toxicity 
of ammonia to fish increased 200 percent when the pH 
was increased from 7.4 to 8.0. The Water Quality Criteria 
Data Book (EPA, 1971) gives a 96-hour TLso value for 
ammonia of 8.2 mg/l in hard water using fathead minnows 
as a test organism. The source of this value was incorrectly 
referenced in the Data Book; therefore, it was impossible 
to determine the pH level at which this concentration of 
ammonia was toxic. 
Graphical presentations by Brown (1968) express 
the toxicity of ammonia to rainbow trout for a wide range 
of pH and alkalinity values. At a pH of 7.46, an alkalinity 
of 168 mg/l as CaC03 , and a temperature of 20 C; a 
48-hour TLso value for ammonia of 50 mg/l as N was 
read from graphs. 
From Brown's graphical presentations the effects of 
temperature on 48-hour TLsO values can also be analyzed. 
According to one of the graphs, the 48-hour TLso value 
for ammonia increases 2.4 times from 8 C to 20 C 
(Brown, 1968). This increase in toxicity with an increase 
in temperature was important, to note, even though the 
temperature range of 8 C to 20 C was below the 
temperature range used in this study dealing with fathead 
minnows. 
Sodium Chlorate 
The toxicity of sodium chlorate is important be-
cause the physically and chemically treated sewage con-
tains sodium chlorate. Sodium chlorate toxicity data from 
the literature are summarized in Table 3. The toxicity 
data on sodium chlorate were quite limited; data that 
could be found relating to fish are listed. 
~ 
Table 1. Oil refmery waste toxicity data collected in literature review. 
Organism 
Fathead Minnow 
Fathead Minnow 
Bluegill Sunfish 
hepomis 
macrochirus 
Red Shiners 
Goldfish 
Carassius 
auratus 
Type of 
Bioassay 
Static 
Acute 
Static 
Acute 
Static 
Acute 
Method of 
Measuring 
Toxicity 
TLtO 48- r 
TLtO 96- r 
TLto 24- r 
Toxicity 
Magni-
tude 
Range 
4-61% 
Mean 
190/0 
Range 
4-70% 
Mean 
21% 
Range 
Mean 
> 100% 
Range 
Mean 
> 100% 
16. 190/0 
31. 0% 
3. 10/0 
33. 1 u~ 
18. /:lo:'o 
Phenol Sulfides 
in Waste in Waste 
mg/l mg/l as S 
Range Range 
0.4-15 0.0-290 
Mean Mean 
5.6 17. b 
Range Range 
2.3-50 0.0-7.8 
Mean Mean 
14.8 0.5 
Range Range 
0.1-0.8 0.0-0.0 
Mean Mean 
0.3 0.0 
Range Range O. 1- 3. 1 0.0-l.4 
Mean Mean 
1.0 0.7 
Not Not 
given given 
Range Range 
0.58-12.7 trace-0.1 
Mean II:lean 
6. b 0.08 
Range Range 
69-258 40-305 
Mean :Vlean 
138 122 
TeITlperatures 
Studied (oC) 
Range 
22-24 
Extreme Range 
21-26 
Extrenle Range 
l1. .-25 
20 
Remarks 
The refinery wastes from 
four different oil refineries 
used for the bioassays dis-
cussed in Graham (1968) 
and given In this table, con-
sist of effluents from a vari-
ety of oil refining processes. 
NUITlerous bioassays were 
run, therefore, the range and 
n1ean values are given. 
References 
Graham, 
1968 
\Vaste was also collected from 
these oil refineries for use 
in long term bioassays con-
ducted in this study, 
Fifteen other fish species 
were test"d using waste 
collected from the same 
oil refinery. 
Douglas, 
1962 
Oil refinery wastes froITl: Turnbull, 
<I. FllIid catalytic cracker, 1954 
cOll1bination Ul1lt, dcsalting 
and alkylation unit. 
b. Condensate drawoff 
froITl fluid catalytic cracking 
unit and cooling water. 
c. TL50's for other speci-
fic process wastes are given 
in article nun1ber ZOo 
Arlie-Ie i - r,'fcrenced 
improperly tn v\'ater 
Quality Criteria Data 
Book (EPA, 1971). 
Article is referenced 
improperly in Water 
Quality Criteria Data 
Book (EPA, 1971). 
EI-A, 1971 
EPA, 1971 
Table 2. Phenol toxicity data taken from the literature. 
Chemical 
Type of Method of Toxicity 
or Organism Measuring Magnitude Temperatures Remarks References 
Toxicant Bioassay Toxicity mg/l 
Studied (0C) 
Phenol Fathead Static TLSO 32.00 2S This bioassay was conducted Pickering, 1966 
Minnow Acute 96-hr using hard water for bioassay 
dilutiull water. 
Phenol Fathead Static TLSO 40.00 Black, 19S7 
Minnow Acute 48-hr 
Phenol Rainbow Static TLSO S.4 6.3 Litchfield and Wilcoxon's Brown, 1967 
Trout Acute 48-hr (1949) techniques were incor-Salm.o porated for determining TLSO 
gairdnerii values. 
Phenol Rainbow Static TLSO 8.0 11. 8 Litchfield and \\ ilcoxon' s Brown, 1967 
Trout Acute 48-hr (1 (H')) te"hniques were incor-SalIno porated for determining T LSO 
gairdnerii values. 
Phenol Rainbow Static TLSO 9.8 18.1 Litchfield and Wilcoxon's Brown, 1967 
Trout Acute 48-hr (1949) techniques were incor-Sa lIn 0 porated for determi.ni.ng T LSO 
gairdnerii \'alues. 
CoIl 
Table 3. Sodium chlorate toxicity data collected in a literature review. 
Chemical Type of Method of 
Toxicity Temperature s 
or Organism Measuring Magnitude References 
Toxicant 
Bioassay Toxicity mg/1 
Studied (oC) _ 
Sodium Perch Static Threshold 11,000 Meinck, 1956 
chlorate of toxicity 
Sodium Bleak Static Threshold 13,000 Meinck, 1956 
chlorate Alburnus of toxicity 
alburnus 
Sodium Harlequin fish Static TLSO S,bOO 18-20 Alabaster, 
chlorate Rasbora Acute 24-hr 
1969 
4eteromorpha 
Effects of Temperature on the 
Toxicity of Substances 
Fish metabolic rates 
The body temperature of a poikilotherm (or cold 
blooded animals, e.g., fish) fluctuates with the tempera-
ture of the aquatic medium. A temperature rise in an 
aquatic medi\lm will cause the rates of many biological 
processes in fish or poikilotherms to increase. The rate of 
these biological processes (Le., digestion, circulation, and 
respiration) is ultimately dependent on enzymatic reac-
tion rates which are in turn dependent on temperature. 
The Q 10 for biological processes generally ranges between 
2 and 3, but can vary widely because the Q 10 will depend 
on the thermal history and normal temperature range of a 
fish. 
The term Q 10 is a common expression related to 
the Arrhenius concept. It is the ratio of change in a rate 
function (K) over a 10 C temperature increase in a 
specified temperature (T) range: 
KT+10 QI0 = ............. (2) 
K 
in which Kr equals the reaction rate of a process and 
KT+10 is the reaction rate with a 10 C increase in 
temperature. 
The respiratory surfaces (gills) of a fish are probably 
the most important mode of direct toxicant uptake by 
fish because they are permeable, have a large surface area, 
and are subjected to relatively large portions of the 
aquatic medium. Toxicant uptake through the respiratory 
surfaces can increase with an increase in the respiration 
rate of a fish, which can be induced by an increase in the 
temperature of the aquatic medium. Decreasing tempera-
tures in the aquatic medium might have the same effect of 
increasing toxicity, by causing a slowdown in the rate of 
detoxification and excretion of toxic materials (Sprague, 
1970; and Warren, 1971). 
Chemical reaction rates 
A rise in temperature of 10 C generally increases 
the rate of simple chemical reactions by multiples of from 
2 to 4. The Arrhenius equation is used to express this 
increase in reaction rate: 
_E_ 
K = Ae- RT 
or the integrated form 
............. (3) 
......... (4) 
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in which K is the reaction rate, A is the frequency factor 
for collisions between reactants, Ea is the activation 
energy in calories/mole, T is the absolute temperature in 
degrees Kelvin, and R is the gas constant which equals 
1.98 calories/mole-degree Kelvin (Middlebrooks et al., 
1973; and Adamson, 1969). 
The body temperature of poikilotherms fluctuates 
with environmental temperature. If a rise in environ-
mental temperature occurs, an increase in the rate of 
chemical reaction between an essential cell component in 
a poikilotherm and a toxicant might be expected as 
predicted by the Arrhenius equation. The essential cell 
components or receptors, directly affected by the action 
of the toxicant, would most likely be an enzyme, cell 
membrane, or other specialized functional components of 
a cell (Warren, 1971). 
Toxicant absorption and 
distribution rates 
Temperature may affect the transport of a toxicant 
to a receptor. A toxicant reaches receptors by absorption 
and distribution which are mechanisms that involve, 
directly or indirectly, passage of the toxicant across 
plasma membranes. Toxicants pass across plasma mem-
branes by passive diffusion or active transport. In passive 
diffusion, some substances may be absorbed by dissolving 
in the lipid membrane, at a rate proportional to the 
concentration gradient of the substance. Other substances 
are absorbed by passing through pores along with water 
moved by hydrostatic or osmotic pressure. The rate that a 
substance (molecule) moves through a membrane by 
diffusion is believed to increase by approximately 10 
percent with a 10 C temperature rise (Middle brooks et 
al., 1973). 
When active transport occurs, a molecule of a 
substance is being moved across a membrane by a 
membrane component known as a carrier. The carrier 
forms a complex with a molecule, moves it across the 
membrane against electrochemical gradients, and releases 
the molecule at the surface of the membrane (Warren, 
1971). The rate that molecules complex and move across 
plasma membranes in the active transport phenomena 
could be altered by temperature changes. 
Phenol Toxicity 
Toxic action of phenol 
Phenol has the ability of penetrating into tissues by 
forming a phenol-protein complex and then disassociating 
to form other complexes (Goodman and Gilman, 1970). 
Phenol exerts toxic action on the nervous system, and 
appears to cause too much blood to accumulate at the 
gills and heart cavity of a fish (McKee and Wolf, 1971). 
Effects of temperature on 
median toxic limit 
In static bioassay tests conducted by Brown et al. 
(1967) using rainbow trout, TLsO values for phenol were 
found to increase with increasing temperatures (Table 2). 
Phenol would, therefore, be more toxic at lower tempera-
tures when TLso values are used as a criteria for 
measuring toxicity. This phenomenon as explained by 
Brown is due to a more rapidly decreasing rate of phenol 
excretion in relation to the rate of phenol absorption with 
decreasing temperatures; thus, larger concentrations of 
phenol are present in fish at lower temperatures. 
Effects of temperature on 
median lethal time 
Gersdorff (1943) conducted bioassays on goldfish at 
five different temperatures (7 C-27 C), using ten dif-
ferent phenol concentrations (0.0 g/l-2.0 gil) at each 
temperature. Five constant temperature curves were then 
obtained by plotting the geometric mean survival time 
found at each phenol concentration versus the cor-
responding phenol concentration. By visual observations 
and mathematical calculations, Gersdorff concluded that a 
mathematical equation that would incorporate phenol 
concentration, mean survival time, and temperature could 
not be easily developed. Gersdorff then defined a point 
common to each of the five constant temperature curves 
on the geometric mean survival time versus phenol 
concentration graph. At this point, the product of the 
geometric mean survival time and the phenol concentra-
tion was at the smallest value possible on a given constant 
temperature curve. The point was called the minimal 
product and was designated as (ct) m. There are several 
simple methods of finding the minimal product 
(Gersdorff, 1935). The logarithm of the inverse of the 
minimal product was found to be directly proportional to 
the temperature, and Gersdorff developed the following 
equation: 
0.00736 eO.l OOT . . . . . . . . (5) 
in which c = phenol concentration (gil), t = geometric 
mean survival time (minutes), (ct)m = minimal product or 
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the point on a constant temperature curve where the 
product of the phenol concentration and mean survival 
time is at a minimum, and T = temperature in degrees 
centigrade. Since the I/(ct)m value in Equation 3 is 
actually related to the velocity of fatality (1/mean survival 
time) which is a rate expression, Gersdorff was able to 
calculate a Q 10 of 2.7 for the 1/(ct) value. Gersdorff 
used the term "relative toxicity" for twe value of 1/(ct)m 
and developed a formula from data to express the ratio of 
increase of the relative toxicity with an increase in 
temperature: 
RT = 0.0515 eO.lOOT .......... (6) 
in which RT = the ratio of increase in the relative toxicity 
and T = temperature in degrees centigrade. 
Gersdorff (1943) also applied his data to the Van't 
Hoff equation, and the Arrhenius equation, and an 
improved modification of the Van't Hoff equation. For 
the temperature and concentration ranges studied, he 
found the activation energy value in the Arrhenius 
equation to equal an average value of 17,000 calories per 
mole and to range between 15,100 and 17,900 calories 
per mole. 
In Gersdorffs summary of his work, he postulated 
that the relative toxicity of phenol increased with 
temperature, because of a physiological change in the 
goldfish induced by increasing temperatures (Gersdorff, 
1943). 
Temperature Tolerances of 
Fathead Minnows 
A study of the temperature tolerances of a fish is 
recommended before bioassay water temperatures are 
selected and the temperature in fish acclimation tanks is 
changed significantly. The test fish used in this study 
(fathead minnows) has an upper lethal temperature 
tolerance of 32 C-34 C and a lower temperature 
tolerance of about 2.1 C (Brett, 1944; and Brungs, 1971). 
Optimum growth occurs between 23.5 C and 26 C and 
spawning occurs between 22 C and 28 C (Brungs, 1971). 
Fathead minnows acclimatized at 10 C, 20 C, and 30 C 
will die when the temperature is raised rapidly to 28.2 C, 
31.7 C, and 33.3 C, respectively (EPA, 1971). 
Table 4. Code numbers for the nine bioassays conducted in this study and the corresponding acclimation periods. 
Code nUITlber for Toxicants Mean teITlperature bioassays and occurring during 
accliITlation periods studied . 0 bloas says ( C) 
ORl Oil refinery 15.91 
waste 
OR2 Oil refinery 20.3 
waste 
OR3 Oil refinery 28.8 
waste 
SC1 SodiuITl chlorate 15.76 
SC2 SodiuITl chlorate 23.0 
SC3 SodiuITl chlorate 28. 7 
TSl Treated 
TS2 Treated 
TS3 Treated 
was removed by running the tap water in thin sheets over 
a fine meshed screen. This allowed the nitrogen gas 
concentration and other gas concentrations, which were 
high in this tap water, to equilibrate to concentrations 
expected at atmospheric pressure. This procedure was 
required only at the lower acclimation temperature 
(approximately 16 C-17 C). At this acclimation tempera-
ture, the fish's eyes dislocated from their sockets and their 
swimming bladders bloated if nitrogen gas was not 
removed from the tap water. Diseases were also observed 
to be more prevalent when nitrogen gas was not removed. 
Acclimation systems and equipment 
The temperature of fish acclimation water was 
adjusted by mixing hot and cold tap water as shown in 
Figure 1. A description and list of equipment required for 
constructing a unit that will automatically mix hot and 
cold water to give a desired acclimation temperature is 
given in Table C-2. 
Fathead minnows were held and maintained in four 
different systems (Systems A, B, C, and D). System A 
consisted of a large 356 gallon fiberglass tank that 
received a continuous flow of water from the Logan 
River. An average water temperature of approximately 
11 C was maintained during the period of study. System 
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sewage 16. 41 
sewage 22.9 
sewage 28.8 
A was used only for holding extra fish which could not be 
held in acclimation Systems B, C, and D. In acclimation 
Systems B, C, and D, fish were acclimated to three 
di f f e ren t temperatures simultaneously. Acclimation 
waters for Systems C and D were adjusted to the desired 
temperature (about 21.5 C and 29 C, respectively) using 
the temperature control unit described in Figure 1. Water 
for System B was taken from a cold water faucet at a 
temperature of about 16 C, and a 1 ~O-watt aquarium 
heater, made by Metaframe Corporation (Model 22-LA) 
with a thermostat, was used to automatically heat the tap 
water when its temperature dropped significantly below 
16 C. The two tanks for Systems Band D were made of 
fiberglass and were constructed for the purpose of holding 
fish. The tanks for System C were constructed of 1/8 inch 
double strength window glass and fastened together with 
General Electric Silicone Construction Sealant (bought at 
a glass retailers in a caulking gun tube). The width and 
height of these tanks was one foot, and the length was 
two feet. Holes were drilled in the end pieces for drainage 
of the effluent. Influent water was supplied to 26 of these 
tanks from small pipes connected to a heater which 
received its water supply from the continuous flow 
temperature control unit shown in Figure 1. The volume 
of the glass tanks and the number of tanks used in System 
C for acclimating fish is given in Table A-I. Similar data 
are given in Table A-I for tanks used in Systems Band D. 
COLD AND HOT WATER MIXTURE~ 
NITROGEN GAS CHLORINE 
REMOVAL REMOVAL 
COLD WATER FAUCET 
It 
SOLENOID 
VALVES 
,(' N/C 
USING (IF NECESSAR ACTIVATED 
CONSTANT 
HEAD TANK 
CHARCOAL 
N/O 
laI ...... ~--' 
e" 
« 
t-
..J g I I 
3: I I 
o I I ~~ 
I I 
I I 
I I 
I I 
~.: 
I I 
FISH ACCLIMATION 
TANK 
HOT 
WATER 
FAUCE:T 
How System Operates 
When the water in the acclimation tank becomes 
too hot, the thermo regulator for the hot water completes 
a circuit to the mercury plunger relay which closes. When 
the mercury plunger relay is closed an electrical current is 
introduced to the solenoid valve causing it to close, 
shutting off the hot water. A similar operation occurs 
when the water in the acclimation tank becomes too cold. 
MERCURY PLUNGER RELAYS 
THERMO REGULATOR-COLD 
WATER 
THERMO REGULATOR-HOT 
WATER 
Figure 1. Diagram of continuous flow system for maintaining a desired water temperature in fish acclimation tanks. 
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Bioassays Tests 
Bioassay procedures and dilution 
water analysis 
Procedures given in Standard Methods (APHA, 
1971) for conducting static bioassays were followed 
throughout this study. Publications by the National Water 
Quality Laboratory, Duluth, Minnesota (1971 b) and the 
Robert A. Taft Sanitary Engineering Center (1958) 
provided helpful information about conducting bioassays. 
Preliminary bioassays were conducted in gallon jars 
using the same aeration procedures applied to actual 
bioassays, which are discussed later. Results from 
preliminary bioassays served as a guide in selecting 
toxicant concentrations for the final bioassays. 
Static bioassays were conducted over a 96-hour 
period using 14 bioassay tanks containing seven fish per 
tank. Two bioassay tanks were designated as control tanks 
and contained dilution water. The other tanks contained 
six different waste concentrations with a replicate for 
each concentration. Each bioassay tank contained 20 
liters of dilution water, or 20 liters of a designated waste 
and dilution water mixture. The dilution water (Logan 
City tap water) used in bioassays is a hard water and 
originates from springs and wells. The chemical analysis of 
the dilution water fluctuates between the chemical 
analysis of spring and well water given in Table C-1. 
Waste dilutions used in bioassays were selected 
according to a logarithmic scale: 100, 75, 56,42,32,24, 
18, 13.5, 10.0,7.5,5.6,4.2,3.2, 2.4, 1.8,1.35, etc. This 
procedure facilitates the analysis of data when toxicant or 
waste concentrations in bioassay tanks are plotted on 
logarithmic scales. 
Parameters measured during bioassays 
Various parameters were monitored over the 96-
hour length of each bioassay. All of the parameters 
measured during bioassays and the time frequency of 
measurement for each parameter is given in Table 5. This 
table also identifies the table in which raw data collected 
during bioassays are entered. 
Temperature control methods 
Temperature control, during bioassays conducted at 
about 21.5 C, was accomplished with the use of a 
constant temperature and humidity room. Control of 
temperature, during bioassays conducted at about 16 C 
and 29 C, was accomplished with a constant temperature 
bath. Water in the temperature bath was cooled to the 
16 C temperature using a Model RTE-Z3 and a Model 
RTZ-3 Refrigerated Circulating Thermostat, distributed 
by Neslab Instruments, Inc., Portsmouth, New Hampshire. 
Water bath temperatures of 29 C were obtained by 
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insulating the water bath with styrofoam, heating the 
water with a 400-watt heating filament, and utilizing the 
two refrigerated circulating thermostats mentioned above, 
which have some capacity to heat water. 
Glass bioassay tanks were used in the temperature 
bath system and the constant temperature room bio-
assays. They were constructed of 1/8 inch double strength 
window glass, glued together with General Electric Sili-
cone Construction Sealant. Bioassay tank width, height, 
and length measured one foot. 
Aeration control methods 
Aeration of the solution in the bioassay tanks was 
necessary when oxygen demanding wastes were tested. 
This was accomplished by introducing pure oxygen 
bu bbles near the bottom of the bioassay tanks at a rate 
of 30-180 bubbles per minute or more, depending on the 
oxygen demand of the wastes at any given time. Using 
pure oxygen bubbles prevented the excessive losses of 
volatile materials or toxicity that could have resulted, 
with the vigorous aeration required, when using air. Using 
pure oxygen bubbles also made it possible to keep 
dissolved oxygen levels high when oxygen demand was 
high. 
Oxygen bubbles were introduced to each tank 
through a length of 6.0 mm 1. D. glass tubing, which was 
connected to an oxygen manifold that received its oxygen 
supply from an oxygen cylinder (224 cubic foot 
capacity). An oxygen regulator on the cylinder was used 
to control oxygen pressure to the oxygen manifold; and 
small air valves made of brass, that can be bought at any 
aquarium store, were used to control the oxygen flow rate 
to each bioassay tank. The brass air valves were not 
manufactured for precise adjustments and their quality 
varied a grea~ deal; therefore, adjusting oxygen bubble 
rates was quite tedious. 
Standard Methods (APHA, 1971) recommends 
maintaining dissolved oxygen levels above 4.0 mg/l for 
warm water fish. Generally, an attempt was made to 
maintain dissolved oxygen levels at 7.0 mg/l in bioassay 
tanks containing oil refinery waste and treated sewage. 
This procedure was necessary since the oxygen demand 
rates for these wastes can increase unexpectedly and 
reduce dissolved oxygen levels to zero in a matter of 
hours. 
Aeration was terminated in a bioassay tank when all 
of the fish had died in that tank. Recording the time of 
aeration termination (Table B-5) was necessary because 
the lack of dissolved oxygen might affect phenol con-
centrations which were sometimes analyzed in a tank after 
fish had died and aeration had been terminated. Aeration 
was generally not required in the control tanks in the 
bioassays for oil refinery waste and treated sewage, or to 
any of the tanks used in bioassays conducted with sodium 
-~ 
Table 5. Parameters monitored during bioassays. 
ParaIneter 
1. Time of fish Inortality and the 
waste concentration in which the 
Inortality occurred. 
2. Fish weight and length Ineasure-
Inents. 
3. Waste (initial) concentrations 
tested in bioassays. 
4. TeInperature. 
5. Dissolved oxygen. 
6. pH. 
7. Phenol concentration. 
Frequency of 
MeasureInent 
Each bioassay tank was observed 
frequently for mortalities, except 
at nighttiIne. 
Fish weight and length measure-
Inents were taken soon after death, 
or at the end of the bioassay if 
Inortality did not occ ur. 
ApproxiInately every 12 hours. 
ApproxiInately every 12 hours. 
ApproxiInately every 24 hours. 
At the beginning of bioassay, after 
24 hours, and at the end of bioassay. 
Phenol was only measured in oil 
refinery waste bioassays. 
Remarks 
Usually during the first day the majority 
of the total mortalities occurred, there-
fore, observations were n,ade every half 
hour or hour. 
Fish length was n.easl.J't.:ci fron, the snout 
to the bas£" of the caudal fin. In f!encral, 
the weight and length ll\eaSUrl'nlents uf all 
dead and SUr'"lVlng fIsh were t;).ken at 
wastf" concentrations where a high percent-
age of total I110rtaltty occurred. At other 
conc£"ntrations, fIsh "eight and length 
Ineasurenlents wt're 111ade only on fish that 
died during bioassays. Time did not per-
n1it the \\ c'ighlng and measuring of each flsh 
in every b,oassay. 
Temperatures \\ crt' read to the nearest 
1/10 of a df"gree centlgra(k uSIng <1 
standard thernlOll1t'ter. 
Dissolved oxygen "as read to tl1(' ncc,r("st 
1/10 of a mg/! uSIng d Prc'Lision Scientific 
oxygen analy;.l'L 111(':-;(" ,"alues then had to 
be ('1rrectect fer Ic'n,pLJ"dturf' b," using a 
tenlp~'rature corn",.-t" ,"" hart. therefore, 
values for dissol\"f"d ('''-I ,:~'!I h"ppt'n to be 
recorded to the nea rest 1/100 of a n"lgl1 of 
dissolved oxyg~'n. 
\"c111l('S \verp n1PdbUr('cl using an Orion pH 
n:i'ter. 
Phenol concentrations ",--ere n1easured 
using the Direct Photometric Method 
if L22D for phenol, gi',en In Standard 
Methods. Aeration \\as ternlinated when 
100 percent nlOrtality occurred in a bio-
assay tank. Since aeration affects the 
dissolved oxygen concentration which in 
turn may affect phenol concentrations, 
the time of aeration termination is given 
for each bioassay container. 
Tables in Appendix where 
value s for parameter s 
are listed 
B-1 
B-1 
B-2, B-3, or B-4 
B- L 
B- 3 
B-4 
B-5 
chlorate. In a few cases, the dissolved oxygen levels in 
these tanks dropped to near the 4.0 mg/l level and 
aeration was required {Table B-3}. 
Waste Sampling and Preservation 
Oil refinery waste 
The oil refinery waste used for the bioassays 
conducted in this study came from a thermofor catalytic 
cracking process, and was sampled after going through a 
hydrogen sulfide stripping process. Thermofor catalytic 
cracking was used during 1972 in 10 percent of the 
refineries that used the catalytic cracking process, while 
fluidized catalytic cracking was used in 50 percent of the 
refineries, making the fluidized process the most widely 
used at that time. The catalytic cracking process produces 
a wastewater high in sulfides, phenols, ammonia, BOD, 
and COD. The concentration of sulfides and phenols 
depends a great deal on the type of crude oil that is being 
processed {FWPCA, 1967}. 
The oil refinery waste was stored in plastic con-
tainers, under anaerobic conditions, at a temperature of 
5 C. Upon sampling, the refinery waste was very hot and 
'probably sterile. Biological activity in the waste while 
under refrigeration was not observed, but did occur in the 
form of white bacteria floc when the waste was allowed to 
sit in a beaker at room temperature. Phenol concentra-
tions in the refrigerated refinery waste did not vary 
Significantly before the waste was used in bioassays. 
Phenol concentrations of 225, 218, 226, and 217.6 mg/1 
were analyzed in the refrigerated refinery waste on May 
20, May 29, June 18, and June 29,1973, respectively. 
Physically and chemically 
treated sewage 
The Wasatch Division of Thiokol Chemical Corpora-
tion, located in Brigham City, Utah, supplied the 
physically and chemically treated sewage used in these 
bioassays. The treated sewage waste was sampled from 
Thiokol's Model ZD-5000, Physical-Chemical, Zero Dis-
charge, Waste Treatment System. This closed loop system 
will remove suspended solids, oxygen demanding 
materials, and bacteria from restroom wastewater, and 
will recycle the treated wastewater for reuse as flush 
water. 
In this waste treatment system flush water enters 
the system from rest rooms and passes over a screen which 
separates large and intermediate size particles into a sludge 
holding tank. Settleable solids in the flush water, which 
pass through the screen, are removed in sedimentation 
tanks and then pumped to the sludge holding tank. Sludge 
in this tank can be incinerated or stored for later disposal. 
The wastewater moves from the sedimentation tanks to a 
recirculation tank, where the water is recirculated through 
a catalyzed electrochemical system. When the wastewater, 
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which contains 1-3 percent sodium chloride, circulates 
through the electro-chemical system the sodium chloride 
is converted to sodium hypochlorite for disinfection and 
oxidation of organic matter. Also, as the water circulates 
through the electrochemical system a by-product, sodium 
chlorate, is generated. Once the water has gone through 
the electrochemical process, it is ready for reuse as flush 
water in restrooms {Nance and O'Grady, 1971, and 
Thiokol, 1973}. 
Flush water or treated sewage was sampled from 
Thiokol's PhYSical-Chemical, Zero Discharge, Waste Treat-
ment System after the system had been in service for 68 
days at a Utah highway rest area. The following data were 
collected during the 68-day period: 
Number of people using 
facilities per day 
Number of gallons used per day 
Actual hours of system operation 
Total gallons processed 
Number of times that 
liquid w~ recycled 
Typical recycle-liquid analyses: 
Suspended solids (mg/I) 
Turbidity {JTU} 
Residual Chlorine (mg/I) 
Coliform (mpn/l 00 mI) 
Virus 
450 to 750 
1 ,600 to 2,600 
753 
136,000 
113 
40-96 
16-20 
43-85 
< 3 
none detectable 
The treated sewage sample was maintained at room 
temperature under anaerobic conditions, in a plastic bag 
contained by a 50 gallon drum. The treated sewage was 
sampled on Sept. 26, 1973, and the last bioassay using 
this sewage started on Oct. 9,1973. In this period of time, 
no biological activity was observed because of the residual 
chlorine concentration of 30.2 mg/l and other toxic 
substances contained in the treated sewage. 
Analytical Techniques 
The methods utilized in chemically characterizing 
the oil refinery waste and treated sewage are given in 
Tables 6 and 7. Chemical characterization was not 
required for sodium chlorate, used in the sodium chlorate 
bioassays, since reagent grade sodium chlorate was used. 
Tables 6 and 7 also give the values of parameters used to 
characterize each waste. Most of the parameters were 
measured using techniques listed in Standard Methods 
{APHA, 1971}. Phenol was measured in the oil refinery 
waste and bioassay tanks containing oil refinery waste, 
using the Direct Photometric Method given in Standard 
Methods minus the distillation step listed in the method. 
The distillation step in this method is merely for 
producing a suitable sample free of chemical interferences. 
To determine if interferences were present in the oil 
refinery waste, a standard addition test was conducted on 
a distilled water sample, a diluted sample containing 
distilled refinery waste, and a diluted sample containing 
Table 6. Chemical analysis of oil refinery waste used in bioassays. 
Waste parameter 
Phenol as C 6 H5 OH 
Hydrogen sulfide as S 
Conc. mg/l 
(ave. of three 
replicates) 
226. 0 
O. 091 
BOD 376.0 
TOC 189.0 
(a) Total Carbon 210. 0 
(b) Inorganic- Carbon 21. 0 
COD 684.0 
Total Phosphorus as P 2. 42 
Ammonia as N 75.0 
TDS 
SS 
Hardness as CaC0 3 
Alkalinity as CaC03 
Chloride as Cl 
pH 
Ag 
Cd 
Cr (total) 
Cu 
Fe 
Mn 
Pb 
Zn 
279.0 
3. 13 
O. 798 
152. 8 
62. 7 
9. 12 
< 0.05 
< O. 10 
< O. 10 
< O. 10 
0.20 
< 0.10 
< 0.50 
0.20 
Date of 
analyses 
6/1R 
6/17 
7/6 
7/27 
7/17 
7/28 
7/18 
7/3 
7/3 
7/17 
10/19 
6/7 
undistilled refinery waste. The results, shown in Figure 2, 
reveal that the error in the optical density reading for the 
sample containing un distilled refinery waste with no 
phenol addition was +2.32 percent, when compared to the 
optical density reading for the sample containing distilled 
refinery waste with no phenol addition. With an addition 
of 200 micrograms of phenol to each sample, the error in 
optical density was +2.01 percent. These errors are 
minimal and verify that interferences in undistilled 
refinery waste are small; thus, making it possible to by 
pass the distillation step for analyzing phenol in the oil 
refinery waste. 
Measurement of sodium chlorate in the treated 
sewage sample was accomplished by using a method 
designed for determining sodium chlorate in the presence 
of ammonium perchlorate (NH4 CIO 4) and sodium hypo-
chlorite (NaCIO). This method was obtained from Thiokol 
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Method of analysis Reference 
22ZD. Direct Photometr:i c 
228C. Methylene Blue Photometric 
219 Oxygen Dernancl (Biochemical) 
Beckman Model \.) 15 Total Organic 
Carbon Analyzer 
220 Oxygen Demand (Chemical) 
223C. Persulfate Digestion followed 
I)y 223F. Ascorbil Acid 
Indophenol 
224E. Dissolved ;\\;.l.tter 
224C. 1 utal SuspL'IHied I\latter 
122B. EDTA Titnnletric 
201 Alkabnity 
1 1 :? 13 . \ 1e r cur i c ;~ i t rat e 
144 A. Class Electrode 
Atomic Absorption 
Atomic Absorption 
AtoD1ic Absorption 
Atomic Absorption 
Atom.Ic Absorption 
Atomic Absorption 
Atomic Absorption 
Atomic Absorption 
APIIA, 1971 
"APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 197 1 
APHA, 1971 
Cowan, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
Chemical Corporation-Wasatch Division and the details 
of the method are given in Table C-3. 
Before the treated sewage was used in bioassays, 
sodium sulfite (Na2 S03) was added to the waste to 
remove residual chlorine which was present at a con-
centration of 30.2 mg/I. Since residual chlorine is toxic to 
fish, the amount of sodium sulfite actually added to the 
treated sewage was found by multiplying the required 
amount by a safety factor of 1.25. 
Techniques for Determining and 
Comparing Toxicity Values 
The method for determining median toxic limits 
(TLso values) and median lethal times (ET 50 values) was 
developed and published by Litchfield and Wilcoxon 
(1949). This method is recommended in Standard 
Table 7. Chemical analysis of treated sewage used in bioassays. 
Waste parameter 
Sodium chlorate as 
NaC103 
Residual chlorine as 
Cl (removed prior to 
bioassays) 
Chloride 
BOD 
COD 
TOC 
(a) Total Carbon 
(b) Inorganic Carbon 
Conc. mg/l 
(ave. of three 
replicates) 
13,690.0 
30.2 
5,950.0 
819.0 
1,299.0 
718.0 
1,658.0 
940.0 
TDS 34,029.0 
SS 64. 3 
pH 7.95 
Bacterial Plate Count at 1. O/ml 
Date of 
analysis 
10/12 
9/28 
10/19 
10/17 
10/23 
10/18 
10/22 
10/22 
10/23 
Incuba-
20 0 C using 20 replicates tion began 
inoculated with O. 2 ml of on 9/28 
undiluted, dechlorinated and ended 
sample 10/5 
C/) 
~ 
0: 
0 
:E 
::J 
-.J 
~ 
0 
if) 
LL 
0 
:z: 
I-
(!) 
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lJJ 
-.J 
lJJ 
> 
« 
~ 
« 
I-
« 
>-I-
U) 
Z 
lJJ 
Q 
..J 
« 
() 
I-
a.. 
0.8 
0.7 
O. 
O. 
0.4 
O. 
/ 
/ 
9/ 
/ 
/~.(!) STANDARD ClJIVE 
_ UNDISTILLED 
REFINERY WASTE 
----~ DISTILLED 
REFINERY WASTE 
o O.OL...-__ --'-___ ....&...-__ ----L ___ ...J.... __ ---I 
o 50 100 150 200 250 
MICROGRAMS OF PHENOL ADDED PER 100mi 
SAMPLE 
Figure 2. Standard additions test to determine whether 
in terferences in undistilled oil refinery waste 
affect phenol measurements using the Direct 
Photometric Method # 222D for phenol, 
listed in Standard Methods (APHA, 1971). 
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Method of analysis 
See Table C - 3 
204A. Iodiometric-Starch-
Iodide End Point 
112B. Mercuric Nitrate 
219 Oxygen Demand (Biochemical) 
220 Oxygen Demand (Chemical) 
Beckman Model 915 Total Organic 
Carbon Analyzer 
224E. Dissolved Matter 
224C. Total Suspended Matter 
144A. Glass Electrode 
406 Standard Plate Count 
Reference 
t 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 1971 
APHA, 197 1 
APHA, 1971 
Methods (APHA, 1971) for determining TL so values, and 
is also recommended by Sprague (1969) for determining 
both TLso values and ETso values. The Litchfield-
Wilcoxon method is similar to the log-probit technique, 
but is qUicker and just as accurate (Litchfield and 
Wilcoxon, 1953). 
When determining TLso values using the Litchfield-
Wilcoxon method, the percent mortality and the toxicant 
concentration in which mortalities occurred are plotted 
on probability and logarithmic coordinates, respectively 
(Figures 3, 4, and 5). When 100.0 percent mortality 
occurs in more than two consecutive toxicant con-
centrations, only the two lower consecutive concentra-
tions are plotted, and only the two upper consecutive 
concentrations are plotted when 0.0 percent mortality 
occurs in more than two consecutive toxicant concentra-
tions. Once data points are plotted and a straight line is 
drawn through data points, a chi square value and the 
number of degrees of freedom (n) are determined for the 
line. If the chi square of the line is less than the chi square 
value corresponding to the degrees of freedom value 
found in a 5 percent probability table, the line is suitable. 
Otherwise, other lines must be drawn until a suitable fit is 
obtained. 
Once a line has been established through the data 
points, the TLso ' TLs4 , and TL16 can be read from the 
graph, and the slope function (S) can be calculated: 
S = TL84/TLSO + TLSO/TL 16 ...... (7) 
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The slope function is a way of measuring the slope of the 
line, and is also used in calculating the TLso confidence 
limits for 95 percent probability. 
The Litchfield-Wilcoxon method also provides a 
statistical method for determining whether TL 50 values, 
obtained from two different log-probability plots, are 
significantly different. This is accomplished by calculating 
the potency ratio (P.R.): 
and comparing the potency ratio to other properties 
obtained from the two log-probability plots. 
The slope functions of two log-probability plots can 
also be compared to determine if the two curves deviate 
-t-
Z 
W 
U 
0:: 
W 
~ 
z 
10.0 
9.0 
8.0 
SYMBOL TEMPERATU R E 
(OC) 
--G---- 15.91 
---0-- - 20.30 
---*.- 28.80 
from parallelism. This is accomplished by calculating the 
slope function ratio (S.R.): 
S 
S.R. = ~ in which S2 > S1 . . . . . . . (9) 
S1 
and comparing the slope function ratio to other properties 
of the two log-probability curves. 
The procedure for constructing log-probability plots 
for determining ET values and other properties 
associated with the E¥so curves are essentially identical 
to the procedures just described. When determining ET 50 
values using the Litchfield-Wilcoxon method, the time of 
fish mortality and the percent mortality that occurred up 
to that time are plotted on logarithmic-probability coor-
dinates, respectively (Figures 6 through 12). The proce-
dures for determining and statistically comparing ET 50 
values using the Litchfield-Wilcoxon method are 
essentially identical to the procedures described for the 
TLso values. 
TL50 SLOPE (Ok) FUNCTION 
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Figure 3. Oil refmery waste concentration versus percent mortality that occurred during bioassays ORI, OR2, and OR3. 
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Figure S. Treated sewage concentration versus percent mortality that occurred during bioassays TSI, TS2, and TS3. 
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Figure 6. Time of fish mortality versus the percent fISh mortality that occurred up to that time, in two replicate 
bioassay tanks, at an oil refinery waste concentration of 5.6 percent during bioassays ORI and OR2. 
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EXPERIMENTAL RESULTS AND DISCUSSION 
Temperature, Dissolved Oxygen, 
and pH Control 
The standard deviation values of mean temperatures 
during all acclimation periods and bioassays were less than 
or equal to 0.715 C and 0.471 C, respectively. The 
difference between mean temperatures occurring in cor-
responding acclimation periods and bioassays was less 
than or equal to 0.40 C (Table 8). 
Standard deviation values for mean dissolved 
oxygen concentrations during bioassays conducted on oil 
refinery waste, sodium chlorate, and treated sewage were 
less than or equal to 2.44, 1.48, and 2.80, respectively 
(Table 8). The first and third standard deviation values 
listed were quite high, because of difficulties encountered 
in controlling oxygen bubble rates and predicting when 
oxygen demand rates of wastes would increase. 
The standard deviation of mean pH values cal-
culated for each bioassay were all quite low and none are 
greater than 0.378 (Table 8). 
The temperature, dissolved oxygen, and pH control 
i~ ~ioassay tanks where ET 50 values were calculated was 
slmilar to the control obtained and discussed in the 
preceding paragraphs. A detailed tabulation of mean 
temperatures, mean dissolved oxygen values, mean pH 
values, and the standard deviation values corresponding to 
these parameters, is given in Table 9 for bioassay tanks 
where ET 50 values were calculated. 
Effects of Dissolved Oxygen 
and pH on Toxicity 
Some work has been conducted on the interrelation 
of dissolved oxygen concentrations and the toxicity of 
materials to fish. This work indicates that the lethal effect 
of low dissolved oxygen concentrations is increased by the 
presence of some toxic materials (McKee and Wolf, 1971). 
This statement also implies that at low dissolved oxygen 
concentrations the toxicity of a substance to fish would 
be greater than the toxicity of the substance at normal 
dissolved oxygen levels. At normal dissolved oxygen 
levels, fluctuations in dissolved oxygen values may also 
affect the toxicity of a material. Fish respiration rates 
increase with decreasing dissolved oxygen concentra-
tions; thus, exposing the gills to larger volumes of water 
and larger quantities of toxicants. The exposure of larger 
quantities of toxicant to the gills does not necessarily 
mean that toxicity will increase substantially, since the 
23 
rate that a toxicant is absorbed by the gills may be the 
controlling factor for determining how much the toxicity 
of a substance will increase. 
In this study dissolved oxygen levels were kept 
above the desired minimum value of 4.0 mg/l, but 
t1uctuations in the mean dissolved oxygen values cal-
culated for bioassays statistically compared in Table 15 
could not be prevented. The percent difference in these 
mean dissolved oxygen values along with the correspond-
ing percent difference in TL50 values (Table 10) give an 
idea of the magnitude of mean dissolved oxygen fluctua-
tions occurring among bioassays statistically compared in 
Table 15. There seems to be no close correlation between 
the percent change in TL50 values and the percent change 
in mean dissolved oxygen values (Table 10). Determining 
the extent that dissolved oxygen did affect TL50 values 
with the amount of data obtained and the type of 
experiments conducted would be difficult. 
The pH can also affect TL50 values or toxicity as 
explained in the "Literature Review-Ammonia" section 
of the literature review. A comparison of the percent 
change in mean pH values to percent change in TL50 
values for bioassays (Table 10) reveals that the percent 
change in mean pH values is usually within experimental 
error or there is no pattern in the fluctuation of the 
percent change for TL5 and mean pH values. Therefore, 
the percent change in m~an pH values found for bioassays 
statistically compared probably had little effect on the 
toxicity or TL50 values calculated for these bioassays. 
The effects of dissolved oxygen and pH on the 
ET 50 are probably similar to the effects of these 
parameters on the TL50 discussed in the preceding 
paragraphs since ET 50 values and TL50 values are both a 
method of measuring the potency of a toxic material. The 
percent change in mean dissolved oxygen values and mean 
pH values corresponding to the percent change in ET 50 
values statistically compared, are given in Tables 11, 12, 
and 13. A discussion of these tables would be similar to 
the preceding discussion which deals with the effects of 
the percent change in mean dissolved oxygen and mean 
pH values on TL50 values statistically compared. 
Concentration Versus Percent 
Mortality Curves 
All of the toxicant concentration versus percent 
mortality curves are plotted on logarithmic-probability 
coordinates (Figures 3, 4, and 5) using the Litchfield-
Table 8. Temperature, dissolved oxygen, and pH (mean values and standard deviation values) for bioassays and acclimation periods. 
Bioassay number OR1 OR2 OR3 SCI SC2 SC3 TSI TS2 TS3 
Toxicant tested refinery refinery refinery sodium sodium sodium treated treated treated 
waste waste waste chlorate chlorate chlorate sewage sewage sewage 
Mean temperature (oC) 15.98 20.4 28.7 15. 80 22. 6 2~. 8 16. 72 22.8 29.0 
and standard deviation 0.549 0.328 0.0699 O. 715 (acclimation period) 0.320 0.1337 0.290 O. 381 0.0316 
Mean temperature (oC) 15.91 20.3 28.8 15. 76 23.0 2H.7 16.41 22.9 28. 8 
and standard deviation 0.221 (bioassay) 0.648 O. 1697 0.281 0.471 0.284 0.267 
0.384 0.221 
Mean D. o. and 8.70 9.23 7.36 5.99 5.82 5. 16 10. 19 8.28 6.33 
standard deviation 2.44 (bioassay) 2.29 1. 700 1. 481 1. 183 0.817 
2.80 2.29 1. 26 
Mean pH and 7.55 7.46 7.80 7.22 7.38 7.52 7.50 7.96 7.92 
standard deviation 0.211 0.232 0.378 0.206 O. 1843 O. 1690 0.1208 O. 1292 0.0859 
t-J (bioassay) ~ 
N 
U. 
Table 9. Temperature, dissolved oxygen, pH, fish weight, and fish length (mean values and standard deviation values) for individual toxicant concentrations 
where ET SO values were calculated. 
Bioassay 
NUITlber 
ORI 
ORI 
ORI 
OR2 
OR2 
OR2 
OR3 
SCI 
SCI 
SC2 
SCZ 
SC3 
TSI 
TSI 
TS2 
TS2 
TS3 
TS3 
Toxicant 
Tested 
refinery 
waste 
refinery 
waste 
refinery 
waste 
refinery 
waste 
refinery 
waste 
refinery 
waste 
refinery 
waste 
sodium 
chlorate 
sodium 
chlorate 
sodiuITl 
:ohlorate 
sodium 
chlorate 
sodium 
chlorate 
treated 
sewage 
treated 
sewage 
treated 
sewage 
treated 
sewage 
treated 
sewage 
treated 
sewage 
Toxicant 
Conc 
5.6% 
7.5% 
10.0% 
5.6% 
7.5% 
10.0% 
7.5% 
18.0 gIl 
24.0 gil 
18.0 gIl 
24.0 gil 
18.0 gIl 
24.0% 
32.0% 
24.00/0 
32.0% 
24.0% 
32.0% 
Mean 
AccliITlation 
Temp 
Q) 
'"' cd 
OJ 
I::: 
o 
";l 
cd 
.s: 
Q) ..... 
"0 ..... 
"0 Q) 
'"' ..... cd .0 
"0 cd 
I::: [-t 
.:g ~ 
OJ .... 
"0 ~ 
d Q) 
cd .~ 
OJ bO 
Q) Q) 
~ ~ ~..<1 
'"' ..., 
Q) OJ 
8': 
2 8 
d cd 
o en 
:a (1) 
cd ..<1 
.S ..., 
u 
u 
cd 
d 
cd Q) 
::E 
Mean 
Test 
TeITlp 
16.19 
16.00 
16.05 
20. 5 
20.6 
20. 8 
28.9 
16.00 
15.90 
23.0 
22.5 
28. 8 
16.64 
16.80 
23.3 
22.9 
28.9 
29.0 
Standard 
Deviation 
0.164 
0.00 
0.0577 
0.407 
O. 793 
o. 990 
0.0957 
0.00 
0.00 
o. 289 
0.00 
0.444 
o . ..: 37 
O. 200 
O. 205 
0.267 
0.23'3 
O. 138 
Mean 
D. O. 
9.53 
9. Hl 
9.52 
9. 32 
9. 22 
10. ')4 
6. 10 
8. 79 
9.17 
6.46 
tJ.57 
5.00 
10.40 
10.97 
7.54 
'1. 5 '1 
5.85 
6.44 
Standard 
Dc'vlatlon 
2.12 
I. 153 
1. ZI9 
1.630 
O. 57 ~ 
1.44 .. , 
n. K 17 
O. II ; I 
o. 00 
o. Zl9 
U.Otl4'! 
1).25CJ 
.2. to!. 
1. 376 
i. 934 
.!. 44 
1. 062 
1. 130 
!\'1ean 
pH 
-:-.59 
7.75 
7.95 
7. :, (, 
7.70 
7.9U 
'i.41 
-; • .!. f) 
7.20 
7. ,I 
7. 30 
7.62 
7. t 2 
7.48 
8.03 
H.O':! 
8.02 
8.05 
Standard 
Deviation 
O. II c I 
O. 00 
O.UO 
0.20tJ 
O. 00 
0.00 
O. flO 
C:.!)f) 
I). Oil 
0.(111 
0.011 
1).00 
(I. (\ ._'4~ 
U. 11 35·j 
O.047t., 
d. 155,. 
0.0289 
0.0707 
Mean 
Fish 
\V eight 
(g) 
I. 15 
1. 107 
I. 483 
1.207 
I. 419 
I. 403 
I. lOb 
I. 70') 
1.464 
1.5(,0 
1. S t.l 
I. 100 
O. Ij'!, 
O. ''-13 
11.,;+11 
n. 85tl 
O. 889 
0.730 
Standard 
Deviation 
O. 1817 
O. 223 
0.352 
0.233 
0.219 
O. 297 
O. 204 
n.410 
O. 313 
II. 1l>3 
';. ':;S7 
(J. 33 I 
n. 13Z4 
n. 1 Q9b 
0.208 
O. 20~ 
0.1794 
O. 1500 
M.ean 
FIsh 
Length 
(cm) 
4.27 
4.21 
4. 58 
4.31 
4.44 
4.4 J 
4.12 
.±, 44 
4.54 
4. 50 
4. 75 
4.23 
3.9el 
~. 93 
3.82 
3. 9(' 
3.96 
3.79 
Standard 
Deviation 
O. 240 
0.308 
0.368 
0.319 
0.367 
0.435 
0.242 
O. 338 
0.405 
0.362 
0.415 
o. 399 
O. I S05 
O. 1843 
O. 258 
0.241 
0.227 
0.203 
Table 10. Median toxic limit, mean dissolved oxygen, and mean pH values for bioassays, and the percent change in these values occurring among bioassays con-
ducted on the same waste but at different temperatures. 
Column number 2 4 G 7 8 9 
Bioassay numbers ORI-0R2 ORI-0R3 OR2-OR3 SCl--SC2 SC 1-SC3 SCZ-5C3 TSI-TS2 T51-- 153 TS2-TS3 
Mean temp. (oC) 15.91-20.3 15.91-28.8 20.3 -28.8 15.76-23.0 15. 7 (;--28. 7 23.0 --28.7 16.41-22.9 16.41-28.8 LL.9 -28.8 
% change +27.7 +81.0 +41.8 +45. 9 +H2. 1 +24. 8 +39.5 +75.5 +Z5. 8 
T L50 (% or gil for bio- 4.64-5.30 4.64-5.95 5.30-5.95 13.8 -13.6 13.8 -13.5 13.L-13.5 22.5 -I H. 5 22.5 -17.7 18.5 -17.7 
assays SCI, SCZ, and SC3) 
% change +14.22 +Z8.2 +12.26 - 1. 449 - 2.. 17 -0.735 - 17.78 - 21. 3 -4.32 
Mean D. O. (mg/l) 8.70-9.23 8.70-7.36 9.23-7.36 5.99 -5.82 5.99-5. 16 5.82 --5.16 10.19-8.28 10.19-6.33 8.28-6.33 
% change +6.09 -15.40 - 20.3 - 2. 8--l - 13. H () - I I. 3--l - 18. 74 - 37.9 -23.6 
Mean pH 7.55-7.46 7.55-7.80 7.46-7.80 7.22-7.38 7.22-7.52 7.38-7.52 7.50-7.96 7.50-7.92 7.96-7.92 
% change -1.192 +3.31 +4.56 +2.22 +4. 16 +l.H98 +6. 13 +5.6 -0.503 
~ Table 11. Median lethal time, mean dissolved oxygen, mean fish weight, and mean pH values occurring at a given oil refmery waste concentration, and the per-
cent change in these values occurring among tests conducted at the same concentrations but at different temperatures. 
Bioassay numbers OR1-0R2 OR1-0R2 OR1-0R3 OR2-0R3 OR1-0R2 
Oil refinery waste 5. 6 7. 5 7.5 7.5 10. 0 
concentration (%) 
0 Mean temp. (. C) 16.19-20.5 16. 00-20. 6 16.00-28. 9 20.6 --Z8.9 16. 05 --20. 8 
% change +26.6 +28. 8 +80. 6 +40. 3 +Z9. 6 
ET 5?b. (hour s) 9.40-4. 25 4.27-3.37 4.27-3.30 3. 37---3. 30 3.00-1. 54 
% c ange -54. 8 - Z1. 1 -Z2.7 -2.08 -48. 7 
Mean D. O. (mg/l) 9.53-9. 32 9. 38-9. 22 9.38-6.10 9. 22-6. 10 9.52-10.94 
% change -2.20 -1. 706 -35.0 - 33. 8 +14.92 
Mean fish weight (g) 1.15-1.207 1. 1 07-'-1. 41 9 1. 107-1. 106 1. 419-1. 106 1. 483-1. 403 
% change +4.96 -28. 2 -0.0903 - Z2. 1 -5. 39 
Mean pH 7.59-7.56 7.75-7.70 7. 75-8.41 7.70-8.41 7.95-7.90 
% change -0.395 -0. 645 +9. 16 +9. 22 - O. 629 
N 
-....I 
Table 12. Median lethal time, mean dissolved oxygen, mean fish weight, and mean pH values occurring at a given 
sodium chlorate concentration; and the percent change in these values occurring among tests conducted at 
the same concentrations but at different temperatures. 
-----
Bioassay numbers SCl-SC2 SCl-SC3 SC2-SC3 SCl-6C2 
Sodium chlorate con- 18.0 18.0 18.0 24.0 
centration (gil) 
Mean temp. (oC) 16.00-23.0 16.00-28.8 23.0 -28.8 15.90-22.5 
0/0 change +43.8 +80.0 +25.2 +41.5 
ET5~(hoq.rS) 3.43-4.52 3.43-3.40 4. 52-~3. 40 1. 100 ........ 1. 27 
% c ange +31. 8 -2.04 -24. 8 +15.45 
Mean D. O. mg/l 8.79-6.46 8. 79--'-5. 06 6.46-5.06 9. 17-6.57 
0/0 change -26.5 -42.4 - 21. 7 -28.4 
Mean fish weight (g) 1. 709-1. 560 1. 709-1. 100 1. 560-1. 100 1. 464-1. 561 
0/0 change -8.72 - 35. 6 -29.5 +6.63 
Mean pH 7.20-7.31 7. 20~7. 62 7.31-7.62 7.20-7.30 
0/0 change -1. 528 +5. 83 +4.24 + 1. 389 
Table 13. Median lethal time, mean dissolved oxygen, mean fish weight, and mean pH values occurring at a given 
treated sewage concentration, and the percent change in these values occurring among tests conducted at the 
same concentrations but at different temperatures. 
Bioassay numbers 
Treated sewage 
concentration (0/0) 
Mean temp. (oe) 
% change 
ET SQ (hours) 
% cl1ange 
Me9-n D. O. mg/1 
% change 
Mean fish weight (g) 
0/0 change 
Mean pH 
% change 
TSI-TS2 
24.0 
16.64-23.3 
+40.0 
46.0 -3S.3 
-23. 3 
10.40-7.54 
- 27.5 
O. 926-~0. 911 
- 1. 620 
7.62-8.03 
+S. 38 
TSI-TS3 
24.0 
16.64-28.9 
+73.7 
46.0 -29.8 
- 3S. 2 
10.40-5.85 
-43.8 
0.926-0.889 
-4.00 
7.62-8.02 
+S.25 
TS2 -TS 3 
24.0 
23. 3 ·21). q 
+~4.() 
35.3 -29. h 
- 1 5.5 K 
7.54-5.85 
-22.. -+ 
0.911 --0. HH,-) 
- 2..4 I 
8.03--8.02 
-0. 1245 
TSI -TS2 
32. II 
16. HO--22. '-) 
, ) ll. ~ 
10.80 -11. 2.0 
,3.70 
10.97--'1. c,'} 
-I':. 'i-, 
0.94) - u. ~:;t' 
- ~'. I) 1 
7.48-·(,.0';1 
~- c;. 1 I 
lSI -TS~ 
52.0 
16.80 ·29.0 
~ -: ~. t: 
10.80-9. l)Cl 
- J J. I! 
10.97-6.44 
-41. 29 
o. 'H3--0. 73D 
- 22.. 6 
7.48-8.05 
+7.02 
TS2-TS3 
32.0 
22.9 --29.0 
T2.I .• { 
11.20-9.60 
- J 4.29 
9.59 --b. 44 
- 32. N 
0.858-0.730 
- 14. 92 
8. 09~8. OS 
-0.494 
t-J 
OC 
Table 14. TLSO values and other properties obtained from concentration-percent mortality curves using the Litchfield- Wilcoxon method. 
Bioassay number 
Toxicant tested 
Temperature (oC) 
TL50 
T L50 confidence limits 
for 95% probability 
(a) Upper 
(b) Lower 
Slope function (S) 
Slope function confidence 
limits for 95% probability 
(a) Upper 
(b) Lower 
Chi square of curve fit 
to data points 
refinery 
waste 
15.91 
4.64% 
4.99% 
4.32% 
1. 102 
1. 112 
1. 092 
1. 039 
refinery 
waste 
20.3 
5.30% 
5.53% 
5.08% 
1.060 
1. 067 
1. 053 
0.0294 
refinery 
waste 
28. 8 
5.95% 
6.22% 
5. u9 lfu 
1. 063 
1. 074 
1. 052 
0.770 
sodiUDl. 
chlorate 
15.7b 
13.8 gil 
14.5Zg/1 
13. u. gil 
1. 071 
1. 0 (i() 
1.0 GZ 
0.00 
sodiun~ 
chlorate 
23.0 
13. 6 gil 
14.0+0g/1 
12.. H4 g/ i 
1. 080 
1.091 
1.0(d 
0.00 
souiun, 
chlorate 
") 'J. 7 
1), 5 2,/1 
14. w gil 
12..75g/1 
I. OR 1 
I.O';lS 
1. 0 G 7 
0.00 
treated 
s('\\ age 
1[ .. 41 
ZZ.5%, 
Z3.6'\ 
2 1. :; ~o 
1. 064 
I. 075 
1. U53 
O. H12 
treated 
sewage 
2.2. 9 
I q. 5'1" 
1'1. "'-}G,, 
17.55 
1. 054 
1. 083 
1. 063 
O. 0686 
treated 
sewagt.; 
2.::", B 
17. 7":0 
18.57% 
i ".87% 
I. 067 
1.074 
1.000 
0.00 
Table 15. A spmmary of the statistical comparison of concentration-percent mortality curves using the Litchfield- Wilcoxon method. 
Bioassay nwnbers 
corresponding to 
curves being compared 
ORI-OR2 
ORI-0R3 
OR2-0R3 
SC I-SC2 
SCl-SC3 
SC2-SC3 
TSI-TS2 
TSI-TS3 
TS2-TS3 
Toxicant 
tested 
refinery 
waste 
refinery 
waste 
refinery 
waste 
sodium 
chlorate 
sodiwn 
chlorate 
sodium 
chlorate 
treated 
sewage 
treated 
sewage 
treated 
sewage 
Temp of 
bioassay 
tC) 
15.91-20.3 
15.91-28.8 
20.3 -28.8 
T LSO (potency) 
values for 
toxicant 
4.640/0-5.300/0 
4.640/0-5.950/0 
5. 300/0-5. 950/0 
'15.76-23.0 13.8g/l-13.6g/l 
15.76-28.7 13.8g/l-13.Sg/1 
23.0 -28.7 13.6g/l-13.Sg/1 
16.41-22.9 22.5%-18.5% 
16.41-28.8 22.5%-17.70/0 
22.9 -28.8 18.S%-l7.70/0 
Potency 
ratio 
1. 141 
1. 281 
1. 122 
1.014 
1.022 
1.007 
1. 217 
1. 271 
1. 046 
Potency ratio 
confidence limits 
for 95% probability 
Upper Lower 
1. 241 1. 049 
1. 395 1. 176 
1. 194 1. 055 
1. 095 O. 93<,) 
1.104 0.946 
1. 104 0.'l4~ 
1. 305 1. 135 
1. 359 1. 189 
1. 123 0.974 
Do T LSO 
value~ differ 
ti ignificantl y') 
yes 
yes 
yes 
no 
no 
yes 
yes 
no 
Slope 
fUJlctions 
of ~ ur\.,'e:-, 
1. lOl-
I. 0 [,0 
1. 1 uZ-
1.0.,3 
1. OuO-
1.063 
I ()7I-
I. ,:;-,U 
1. 071 -
1. 081 
I O~O-
1. OK 1 
1. 0(,4-
1. 054 
1.064-
I. 067 
1.054-
1.0t,1 
Slope 
ra ti 0 
1.040 
1.037 
1. 003 
1.00:-' 
1. 009 
1. CO 1 
1. 008 
1. 003 
I. 006 
Slope ratio 
confidence limits 
for q5"~, probability 
Upper Lower 
1. rJ 5 1 1.029 
1.0,,0 1. 027 
1. 018 0.992 
l.1l1l tl. lJ95 
1. 025 0.993 
1. () i 7 U. '7,";5 
1.022 O. 995 
1. 015 0.991 
1. 017 O. 995 
Do curves differ 
significantly 
from parallelism? 
yes 
yes 
no 
no 
no 
no 
no 
no 
Wilcoxon method. Median toxic limits, slope functions, 
chi square values, and other properties of concentration 
versus percent mortality curves are given in Table 14. 
Chi square values for all concentration versus 
percent mortality curves were much smaller than the 
corresponding required chi square values given in tables 
for 5 percent probability. The required chi square values 
for curves plotted ranged between 5.99 and 9.49 for 2 and 
4 degrees of freedom, where the degrees of freedom value 
equals the number of toxicant concentrations plotted 
minus two. Even though the chi square values are well 
within required limits, some data points (Figures 3,4, and 
5) may appear out of place, especially points to the left 
and right sides of the percent mortality scale. These points 
are weighted less in the chi square analysis, and will not 
affect a chi square value for a curve nearly as much as 
points in the 40 to 60 percent mortality range. 
Comparison of Concentration Versus 
Percent Mortality Curves 
Median toxic limit 
Using the Litchfield-Wilcoxon method, the median 
toxic limit (TLso)' which is a measure of toxicant 
potency, can be statistically compared to another TLso 
value to determine if there is a significant difference. In 
this study, median toxic limits are compared for sig-
nificant difference for bioassays conducted on the same 
waste but at different temperatures. In Table 16, the 
results for the statistical comparison of TLso or potency 
values are given along with the potency ratio and the 
potency ratio confidence limits. Potency ratio confidence 
limits are used to designate that a toxicant is more toxic 
than another within a range of 95 percent probability. For 
example, the potency ratio obtained in the comparison of 
bioassays TS1 and TS2 is 1.217 and the confidence limits 
are 1.135 and 1.305; thus, for 95 percent confidence 
limits, the potency of treated sewage at 22.9 C is from 
1.135 to 1.305 times the potency of treated sewage at 
16.41 C. 
Slope function 
The slope function as defined by Litchfield and 
Wilcoxon is a measure of the varying resistance of 
individual organisms within a population to a toxic 
material. Therefore, if all of the organisms used in a 
bioassay were identical and possessed equal resistance to a 
toxic material, they would all die at the same toxicant 
concentration and the slope function would equal unity. 
This is demonstrated by substituting the TLso ' TL84 ' and 
TL16 values into the slope function equation: 
S = TLsJTLso + TLso'TL16 
2 
1.0 ., (10) 
29 
in which TLs4 = TL16 = TLso when all organisms die at 
the same concentration. Of course, under real conditions, 
organisms used in a bioassay would not die at one 
concentration and the slope function would not equal 
zero. 
Slope functions (Table 14) obtained from toxicant 
concentration versus percent mortality curves, con-
structed for this study, were statistically compared for 
significant difference. If the slope function of two curves, 
representing two different bioassays, are not significantly 
different, the curves are considered parallel; and the 
differences in the variance of toxicity resistance within 
the two fish populations used for respective bioassays are 
considered insignificant. 
A summary of the statistical comparisons of slope 
functions (Table 15) reveals that the concentration versus 
mortality curve obtained during bioassay OR1 deviates 
from parallelism when compared to curves obtained fqr 
bioassays OR2 and OR3. All other concentration versus 
mortality curves compared are parallel. The fact that the 
concentration versus mortality curve for bioassay OR1 
deviates from parallelism and also has a slope function 
larger than those slope functions obtained for curves 
obtained in bioassay OR2 and OR3, indicated that the 
individual fish used in bioassay OR1 varied more in their 
resistance to oil refinery waste. This occurrence is 
substantiated by studying Table B-1, which shows that 
three fish died at concentrations slightly lower than what 
might be expected, and one fish survived a concentration 
where all others died. This phenomenon affects the slope 
function of the concentration versus mortality curve 
significantly and may have caused a slight reduction in the 
TLso value due to the presence of a larger number of less 
resistan t fish. 
Time Versus Percent Mortality Curves 
The time of fish mortality versus the percent 
mortality that occurred up to and including that time is 
plotted on logarithmic-probability coordinates (Figures 6 
through 12) using the Litchfield-Wilcoxon method. Data 
for plotting each time versus percent mortality curve was 
taken from two replicate bioassay tanks at the same 
toxicant concentration. Time versus percent mortality 
curves were constructed only when at least 12 mortalities 
occurred out of the total of 14 fish used at each toxicant 
concentra tion. 
Median lethal times, slope functions, chi square 
values, and other properties of time versus percent 
mortality curves are given in Table 16. In this table slope 
function confidence limits and ET 50 confidence limits are 
not listed for three time versus percent mortality curves. 
According to the Litchfield-Wilcoxon method, the con-
fidence limits for these curves do not exist since there are 
not any data points obtained between 16 and 84 percent 
mortality. Points occurring between 16 and 84 percent 
Table 16. Median lethal time values and other properties obtained from time-percent mortality curves using the 
Litchfield-Wilcoxon method. 
Median Median Lethal Tune Slope Function 
Lethal Bioassay Toxicant Toxicant Temp Tin1e or Confidence Limits Slope Confidence Limits Chi square 
Number Tested Cone. tC) ET50 Function of curyc 
(hours) Upper Lower upper Lower 
ORI refinery 
waste 
5.6% 16.19 9.40 U.2K t,. L5 I. ':;.J.O 2.23 1. I} ,,2 1.812 
ORI refinery 7.5% 16.00 4.27 
waste 
5.7 3.2 I . .J.5 tJ I. 668 1.270 iJ.5b9 
ORI refinery 
waste 
10.0% 16.05 3.00 3.34 2.7n I. 155 1. ]'12 1.11') (J. 1340 
OR2 refinery 5.6% 20.5 4. 25 
waste 
5.81 3. 1 I 1. 'i 2.J. 1. 59l, I . .J.S t· 0.508 
OR2 refinery 7.5% 20.6 3.37 3. 65 3. I I 1. I 15 1. l.J.l j. ij40 0.00 
waste 
OR2 refinery 
waste 
10. 0% 20.8 1. 54 1. 819 1.30.J. 1. 2'>2 1. 1,,7 l. I.J. 7 0.0:) 
OR3 refinery 7.5"10 28.9 3. 30 3.n 2. til) 1.1.J.(I 1. i. rJ I I. Ill) O.2H ~ 
Q waste 
SCI sodium 18.0 gil 16.00 3.43 1.0":1 o. 00 
chlorate a 
SCI sodium 24.0 gil 15.90 1. 100 
chlorate 
1. 242 O. 474 !. 1 -;- ... l. ~4 /' I. I I" 0.0:) 
SC2 sodium 18.0 gil 23.0 4.52 
chlorate 8.32 
2.4l> ~ • .: 1 2. 50 I. 957 0 . .J.71. 
SC2 sodium 24.0 gil 22.5 1. 27 1. 638 0.9R4 1.-111 I. i,nll 1.11-)''-'4 0.038 
chlorate 
SC3 sodiuIIl 18.0 gil 28.8 3.40 6.43 1. 718 2. 2q -l.1)5 1.2 q b 0.033 
chlorate 
treated 24.0% 16.64 46.0 62.9 33.7 1. -17 H 2.09 1. 045 0.230 TSI 
sewage 
treated 32.0% 16.80 10.80 i. ~Ut) 0.00 TSI 
sewage 
TS2 
treated 
sewage 
24.0% 23.3 35.3 44.9 27.7 1. )Sl l. 510 I. 210 O. 1650 
TS2 
treated 32.0% 22.9 11. 20 18.17 b.91 I. :) ,5 2.73 1. 2 cL O. 185 
sewage 
TS3 
treated 24.0% 28.9 29.8 35.9 24. 7 1. 288 I. 531 1. 083 0.030 
sewage 
TS3 
treated 
sewage 32.0% 
29.0 9.60 15. Sb 5.81 1. 871 2. 93 1. 195 0.242 
a 
SCC' discussion in the "Time Versus Percent Mortality Curve" section. 
mortality are important since they are weighted heavily 
when curves are plotted using the Litchfield-Wilcoxon 
method. A lack of data points between 16 and 84 percent 
mortality make it impossible to determine whether a 
curve is representative of an actual situation; therefore, 
confidence limits are meaningless. Curves falling into this 
category cannot be statistically compared, since con-
fidence limits are required before a statistical comparison 
can be made. 
Chi square values for all time versus percent 
mortality curves were much smaller than the correspond-
ing required chi square values given in tables for 5 percent 
probability. This suggests that a good fit was obtained for 
the curves drawn through data points. For a discussion of 
how data points are weighted in the chi square analysis, 
see the "Concentration Versus Percent Mortality Curves" 
section. 
Comparison of Time Versus 
Percent Mortality Curves 
Median lethal time 
In this study, the median lethal time (ET 50)' which 
is sometimes used in measuring the potency of a toxicant, 
was compared statistically to other ET 50 values taken 
from other time versus percent mortality curves (Table 
17). Before the statistical comparisons were made, using 
the Litchfield-Wilcoxon method, the ratio of the two 
median lethal time values were calculated (Table 17). The 
median lethal time ratio is analogous to the potency ratio 
calculated for concentration versus percent mortality 
curves. The Significance of the median lethal time ratio 
and its confidence limits are similar to the significance of 
the potency ratio and its confidence limits which is 
discussed in the "Comparison of Concentration Versus 
Percent Mortality Curves" section. 
Slope function 
The slope function used in both concentration 
versus percent mortality and time versus percent mortality 
curves is a measure of the varying resistance of individual 
organisms within a popUlation to a toxic material. If all of 
the organisms, tested at a given toxicant concentration, 
possessed equal resistance to a toxic material; theoretical-
ly, they would all die at the same time and the slope 
function would equal unity. This is demonstrated by 
substituting the ET 50' ET 84' and ET 16 values into the 
slope function equation: 
s 
ET84/ET50 + ET50/ETI6 
2 
1.0 .. (11) 
in which ET 84 = ET 16 = ET 50 when all organisms die at 
the same concentration. 
31 
Most of the slope functions, of the time versus 
percent mortality curves that are compared (Table 17), 
appear to deviate a great deal. The deviation of slope 
functions or the deviation from parallelism is obvious in 
most cases, when time versus percent mortality curves 
(Figures 6 through 12) are observed. Since parallelism 
does not occur in most time versus percent mortality 
curves compared and a slope function comparison would 
serve little use, the statistical comparison for parallelism in 
time versus percent mortality curves was not performed. 
In most cases the slope functions obtained for 
concentration versus percent mortality curves that were 
compared did not differ significantly; although most of 
the slope functions obtained for time versus percent 
mortality curves did differ significantly, as explained in 
the preceding paragraph. It is believed that the slope 
function of a time versus percent mortality curve is not 
representative of the variance of individuals used in a 
bioassay, since a relatively small number of fish (14 fish) 
are used in finding data points for time versus percent 
mortality curves. The belief that time versus percent 
mortality curves are not representative of all individuals 
used in a bioassay is also believed to be the cause of the 
great deviation from parallelism observed among most of 
the time versus percent mortality curves visually com-
pared. 
Oil Refinery Waste 
Assessment of toxic components 
Oil refinery wastes are a complex mixture of 
toxicants which have a variety of toxic effects and modes 
of toxic action. Before determining the toxic components 
in the oil refinery waste, it may be helpful to define some 
of the terminology used when estimating the joint action 
of more than one toxicant on an aquatic organism. The 
joint action of toxic materials upon organisms can be 
broken down into five cases, but only two cases will be 
discussed here. These cases, the additive and synergistic, 
will be used in this text as defined in the following 
discussion. 
In the first case, the additive case, 50 percent fish 
mortality occurs in a solution when the sum of all of the 
toxic units calculated for each toxicant in solution equals 
unity. The number of toxic units for each toxicant in 
solution is calculated from the following equation: 
TV C' 
TL50 
.............. (12) 
in which TV = the number of toxic units of a toxicant in a 
solution, C' = the concentration of the toxicant in the 
solution when the toxic action of the solution produces 
50 percent mortality and TL5 = the median toxic limit 
of the toxicant. An example of the additive case would be 
Table 17. A summary of the statistical comparison of time-percent mortality curves. 
Bioassay numbers Temp of 
Median Median lethal time ratio Do rnedian lethal 
corresponding to 
Toxicant Toxicant ET 50 values Lethal confidence limits time s of the 
Tested Cone Tests 
curves being compared (DC) for toxicant TinlC toxicants differ Ratio Upper Lower significantly? 
ORI-OR2 refinery 5.6% 16.19-20.5 
waste 
9.40-4.25 2.21 3.49 1. 398 yes 
OR 1-OR2 
refinery 7.5% 16.00-20.6 4.25-3.37 I. 267 1. 711 O. ~J39 no 
waste 
OR 1-OR3 refinery 7.5% 16.00-28.9 4.27-3.30 1. 295 1. 761 O. 952 no 
waste 
OR2-0R3 
refinery 
waste 
7.5% 20.6 -28.9 3.37-3.30 1. 021 1. 175 0.888 no 
ORl-OR2 refinery 10.0% 16.05-20.8 
waste 
3.00- 1. 54 1. 950 2. 38 I. 60 yes 
SC 1-SC2 sodium. 18.0 gil 16.00 - 23.0 
chlorate 
3.43-4.52 1. 31 S a a a 
SCl-SC3 sodium. 18.0g/l 16.00-28.8 3.43-3.40 I. 009 ~ chlorate 
a a a 
N 
SC2-SC3 sodium. 18.0 gil 23.0 -28.8 
chlorate 
4.52- 3.40 1. 32Y 3.22 0.549 no 
SC 1-SC2 sodium. 24.0 gIl 15.90-22.5 1. 100-1. 270 1. 155 1. 55 O. S63 no 
chlorate 
TSI-TS2 treated 24.0% 16.64-23.3 46.0 -35.3 1. 303 1.929 O. 882 no 
sewage 
TSI-TS3 
treated 
sewage 
24.0% 16.64-28.9 46.0 -29. S 1. 544 2.22 1. 072 yes 
TS2-TS3 
treated 24.0% 23.3 -28.9 35.3 -29.8 1. 185 0.872 1. 61 no 
sewage 
TSI-TS2 
treated 32.0% 16.80-22.9 10.S0-11.20 1. 037 a <.l a 
sewage 
TSl-·TS3 
treated 32.0% 16.80-29.0 10.80-9. 60 1. 125 a a 
a 
sewage 
TS2-TS3 
treated 32.0% 22.9 -29.0 11. 20-9. 60 1. 167 2. 33 0.583 
no 
sewage 
a See di.scussion in the "Time Versus Percent Mortality Curve" section. 
when 0.6 toxic units of toxicant A in solution and 0.4 
toxic units of toxicant B in solution combine to produce 
50 percent mortality in a fish population (e.g., 0.6 TV + 
0.4 TV = 1.0 TV). In the second case, the synergistic case, 
50 percent mortality occurs in a solution when the sum of 
all of the toxic units calculated for each toxicant in 
solution equals less than unity (e.g., 0.1 TV of toxicant A 
+ 0.3 TV of toxicant C = 0.4 TV). In the syngeristic case 
the toxicity of a substance in solution is induced by the 
presence of another substance or toxicant (Sprague, 
1970). 
A study of the chemical characterization of the oil 
refinery waste used in this study (Table 6), reveals that 
hydrogen sulfide, heavy metals, ammonia, and phenol 
were of importance for assessing the toxicity of the oil 
refinery waste. Hydrogen sulfide was present at a neg-
ligible concentration and probably did not contribute to 
toxicity at all. The concentrations of the various heavy 
metals analyzed were far below toxic concentrations and 
probably did not contribute significantly to the toxicity 
of the oil refinery waste. Ammonia, which was present at 
75 mg/l in the waste, may have contributed to the 
toxicity of the oil refinery waste to some degree. 
TL50 values for ammonia found in the literature 
were insufficient to draw any conclusions, and the values 
seemed to vary widely and unexplainably. The variance in 
TL50 values for ammonia was pro~ably due to po~r 
control of pH and other variables which affect ammoma 
toxicity values. A discussion of the variables which affect 
ammonia toxicity is given in the "Ammonia" section of 
the Literature Review. A 48-hour TL50 value for 
ammonia of 50 mg/l as N, at 20 C, using rainbow trout, 
was reported. This 48-hour TL50 value was obtained from 
curves relating pH and alkalinity to the 48-hour TL 50 
value of ammonia (Brown, 1968). The pH and alkalinity 
values used to find the 48-hour TL50 for ammonia in the 
literature were selected so they would be the same as the 
pH and alkalinity values occurring in bioassay OR2 that 
was conducted in this study. The mean pH in bioassay 
OR2 was 7.46 and the alkalinity was approximately 168 
mg/l as CaC03. The mean temperature of bioassay OR2 
was 20.3 C, and the 48-hour TL50 value for the oil 
refinery waste in bioassay OR2 (which happens to equal 
the 96-hour TL50 value for oil refinery waste in bioassay 
OR2) was 5.30 percent. The number of toxic units of 
ammonia present at an oil refmery waste TL50 concentra-
tion of 5.30 percent can now be calculated: 
C' TV =--
TL50 
in which 
.... (12) 
C' ( 5.30 %) ( 75 m~ ofNH3 as N) 100 lIter 
3.89 mg of NH3 as N 
liter 
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and 
TL50 = 50 mg NH3 as N/liter (Brown, 1968) 
C' 3.89 mg/l 
TV = TL50 = 50.0 mg/l = 0.0796 
This is only a very rough estimate of the number of toxic 
units of ammonia present. The actual value might be 
lower depending on whether fathead minnows are more or 
less resistant to ammonia toxicity than rainbow trout. 
Assuming that the number of toxic units calculated for 
ammonia is correct and that all toxicities are additive 
(e.g., the sum of all toxic units totals unity), it can be 
concluded that ammonia accounts for 7.96 percent 
(0.0769 TV (100)/1.0 TV = 7.96%) of the total toxicity 
exerted by the oil refinery waste at the TL50 concentra-
tion for the oil refinery waste of 5.30 percent. 
The contribution made by phenol to the oil refinery 
waste toxicity is more pronounced than the contribution 
made by ammonia. A 96-hour TL50 value for phenol of 
32.0 mg/l, at 25 C, using fathead minnows, has been 
reported (EPA, 1971). From Figure 13 a TL 50 value for 
oil refinery waste of 5.66 percent at 25 C was found. 
With this data, the number of toxic units of phenol 
present at an oil refinery waste TL50 concentration of 
5.66 percent can now be calculated: 
C' TV = -- ............... (12) 
TL50 
in which 
and 
C' = (5.66 %) (266 mg. of Phenol) 
100 lIter 
12.8 mg of phenol 
liter 
TL50 32.0mgofphenol ,(EPA, 1971) 
liter 
C' 
TV=--
TL50 
12.8 mg/l 
32.0 mg/l 
0.40 
Assuming that all toxicities· are additive (e.g., the sum of 
all toxic units equals unity), phenol accounts for 40 
percent (0.40 TV (100)/1.0 TV = 40.0 percent) of the 
total toxic action exerted at the TL50 concentration for 
oil refinery waste of 5.66 percent. 
When a summation of the toxic actions exerted by 
phenol and ammonia is made, the sum is less than 50 
percent of the total toxic action required to produce 50 
percent mortality, assuming the additive case describes the 
action of all toxicants in the oil refinery waste. Therefore, 
either other toxicants or synergistic interactions must be 
present to account for 50 percent or more of the toxicity. 
Effects of temperature on toxicity-
median toxic limit 
The toxicity of oil refinery waste, measured with 
t~e median toxic limit (TL 50)' was found to decrease 
wIth an increase in temperature (Figure 3). Statistically 
there was a significant difference between any of these 
TLso values calculated for oil refinery waste bioassays 
(Table 15). The percent difference occurring between any 
of the TL~o values calculated for bioassays ORl, OR2, 
and OR3 tTable 10) ranged between 12.26 percent and 
28.2 percent which is greater than the percentage value 
that would account for experimental error. 
For a temperature change of 5 C, the percent 
change in the TLso value of oil refinery waste was found 
from lines drawn through points on a median toxic limit 
versus temperature curve (Figure 13). This percent change 
in the TLso for a change of 5 C was found for two 
temperature intervals, 16 C to 21 C and 24 C to 29 C. 
The percent change in the TLsO for the first 5 C interval 
is 16.13 percent and for the second interval is 6.81 
percent. These percent change values and slope values 
> 
0::: 
IIJ 
z 6.0 i:L 
IIJ 
0::: 
-I 
0 
I- 5.5 
z 
l&J 
(Figure 13) indicate that the oil refinery waste toxicity 
decreases more slowly in the higher temperature range 
studied. 
During the 96-hour bioassays using oil refinery 
waste, phenol concentrations were measured in each 
bioassay tank at the start of bioassays after two days, and 
after four days (Table B-S). From these measurements 
phenol was found in every case to decrease in con-
centration with time. The mean percentage of phenol 
depletion (Table 18), which is the average percent 
decrease in phenol concentration occurring among bio-
assay tanks used in each bioassay, reveals that most of the 
phenol in bioassays ORl, OR2, and OR3 was gone after 
48 hours and practically all of the phenol was gone after 
96 hours. Since phenol accounted for approximately 40 
percent of the toxicity exerted by the oil refinery waste at 
the oil refinery waste TLsO concentration, the depletion 
of phenol in bioassay tanks undoubtedly allowed more 
fish to survive some of the oil refinery waste concentra-
tions, especially those waste concentrations near the TLsO 
value of the oil refinery waste. Since the phenol con-
centrations during a bioassay will affect the number of 
mortalities, the TLsO values obtained in this study would 
be higher than TLso values obtained from continuous 
flow bioassays (using the same oil refinery waste) where 
phenol concentrations would remain constant. Deter-
mining the extent that phenol depletion affected TLso 
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Figure 13. TLSO values for oil refmery waste bioassays versus the average temperature occurring during bioassays. 
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values was impossible because of the limited data col-
lected in this study and present in the literature. However, 
TLso values for phenol obtained from continuous ±low 
bioassays which would be capable of maintaining constant 
phenol concentrations, could reveal approximately how 
much phenol depletion affected the TLso values obtained 
for static bioassays conducted in this study. 
The mean percentage of phenol depletion, along 
with the highest and lowest percentage of phenol deple-
tion (Table 18), that occurred after two days during 
bioassays ORl, OR2, and OR3, indicate that phenol 
depletion with time increases with increasing tempera-
tures. Due to the more rapid depletion of phenol at higher 
static bioassay temperatures, the toxicity of phenol 
(which is usually considered to increase with temperature 
(Goodman and Gilman, 1970)) might actually appear to 
decrease with increasing temperatures. The more rapid 
depletion of phenol concentrations caused by higher static 
bioassay temperatures may explain the decrease in 
toxicity of oil refinery waste at higher bioassay tempera-
tures. Of course, this statement can be questioned because 
phenol was not the only toxicant contained in the oil 
refinery waste, and other toxicants could have caused the 
decrease in toxicity at higher bioassay temperatures. 
The postulation that increases in phenol depletion 
with temperature causes decreases in toxicity can also be 
substantiated somewhat from bioassays conducted by 
Brown et al. (I 967). Brown found that the toxicity of 
phenol to rainbow trout, measured with 48-hour TLs 0 
values, decreased with increasing temperatures (Table 2). 
In Brown's work, phenol concentrations were not mea-
sured during bioassays; therefore, if an increase in phenol 
depletion with an increase in bioassay temperature did 
occur it cannot be verified. 
One of the factors causing the decrease in phenol 
concentration with time during bioassays was believed to 
be biological dissimilation of phenol. In experimental 
studies phenol dissimilation has been found to increase 
with an increase in temperature (McKee and Wolf, 1971). 
These findings might explain why phenol depletion was 
found to be more rapid at the higher temperatures during 
bioassays ORl, OR2, and OR3. 
Table 18. Phenol depletion during bioassays OR1, OR2, and OR3. 
Bioassay number 
(oC) Mean temperature 
TL50 (% oil refinery waste) 
Percent phenol depletion 
occurring in bioassay tanks 
after two days 
Highest percent depletion 
Mean percent depletion 
Lowest percent depletion 
Percent phenol depletion 
occurring in bioassay tanks 
after four days 
Highest percent depletion 
Mean percent depletion 
Lowest percent depletion 
ORl 
15.91 
4. 64 
98.2 % 
69.1 % 
14.56% 
99.5 % 
98. 7 0/0 
96.0 % 
OR2 
20.3 
5.30 
97.6% 
75.2% 
52.7% 
99.3% 
97.2% 
90.4% 
OR3 
28.8 
5. 95 
99.4% 
98.5% 
97.3% 
a 
a 
a . 
a 
No data taken on fourth day, since percent phenol depletion was 
close to 100 percent on second day. 
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Other factors that may have caused phenol con-
centrations in bioassays to decrease significantly with time 
are: Volatilization of phenol and adsorption of phenol by 
fish. Volatilization of phenol undoubtedly increases with 
temperature and the adsorption of phenol by fish, which 
wll] be discussed later, may also increase with tempera-
ture. These factors also could have contributed to 
increased depletion of phenol with temperature in the 
bioassay tanks. 
Effects of temperature on toxicity-
median lethal time 
In this study, the toxicity of oil refinery waste, 
measured with the median lethal time (ET 50)' increased 
with increasing temperatures (Figures 6, 7, and 8). In a 
statistical comparison (Table 17), a significant difference 
was shown to occur between ET 50 values found at 
different temperatures for oil refinery waste concentra-
tions of 5.6 percent and 10 percent, but not concentra-
tions of 7.5 percent. The percent difference occurring 
between ET 50 values which were statistically compared 
ranged from 21.1 percent to 54.8 percent (Table 11), 
except in one case where the percent change was 2.08 
percent. The ET 50 values calculated for oil refinery waste 
were each converted to a velocity of fatality value (Table 
19) which is the inverse of the median lethal time 
(I/ET 50)' The velocity of fatality and the inverse of the 
corresponding test temperature in degrees Kelvin are 
plotted on logarithmic-linear coordinates (Figure 14). If a 
straight line can be fit to data points plotted in Figure 14, 
the data can be described by the Arrhenius equation 
(Equation 1). Too few data points were obtained to allow 
a straight line fit; therefore, lines were simply drawn 
through the data points that are plotted. For each of these 
lines in Figure 14, the ratio of increase in the velocity of 
fatality was calculated for a temperature rise of 5 C at a 
temperature interval of 16 C to 21 C or 24 C to 29 C, 
whichever pertains. This ratio of increase was called the 
Q5 and is similar to the standard Q 10 value which is often 
used when discussing phenomena related to the Arrhenius 
equation. The estimated QlO values for the oil refinery 
waste ranged between 1 and 6; a mean value of about 3 
indicates the essential biochemical nature of the toxicant-
organism reaction (see Appendix D). 
Table 19. QI0 and activation energy values calculated for oil refinery waste. 
Waste TeITlp Velocity 
Conc of Fatality QI0 of 
Activation 
b Energy (oC) (percent) (ET )-1 50 
Bioassay 
Nunlber L . a Ine (calorie s / ITlole) 
a 
b 
5. 6 16. 19 
5. 6 20.5 
7.5 16. 00 
7.5 20. 6 
7.5 28. 9 
10.0 16. 05 
10.0 20. 8 
O. 1064 
0.235 
0.234 
0.297 
0.303 
0.333 
0.649 
OR1 
OR2 
ORI 
OR2 
OR3 
ORI 
OR2 
6. 13 
1. 63 
1. 033 
4.09 
30,900 
9,860 
423 
23,600 
Q10 values are the ratio of increase of velocity of fatality values 
read froITl curves at teITlperatures of 16°C and 26°C (Figure 14). 
Curves were extended to 16°C and 26°C, if they did not pass through 
these teITlperatures. 
Activation energy (E ) was calculated using the integrated forITl of 
the Arrhenius equati~n (Equation 2) in which K (the reaction rate) 
equals the velocity of fatality. 
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Effects of Temperature on the Toxicity 
of Sodium Chlorate 
Median toxic limit 
The toxicity of sodium chlorate, measured with the 
median toxic limit (TLso)' increases slightly with temper-
ature (Figure 4), but the difference in toxicity values or 
TLso values obtained for sodium chlorate bioassays 
conducted at different temperatures was statistically 
insignificant (Table 15). The percent difference occurring 
between any of the TLSO that were statistically compared 
was never more than 2.17 percent (Table 10). 
The TLso versus temperature plot (Figure 15) also 
revealed insignificant changes in TLso values with temper-
ature. For a temperature change of 5 C, from 16 C to 
21 C or 24 C to 29 C, the percent change in the TL 0 
value for sodium chlorate was less than or equal to 1.0~1 
percent. 
Median lethal time 
The toxicity of sodium chlorate when measured 
with the median lethal time (ET so) both decreased and 
increased with increasing temperatures (Figures 9 and 10). 
This phenomena was easier to observe in the velocity of 
fatality (1 lET so) versus temperature graph (Figure 16). In 
this graph the ratio of increase in the velocity of fatality 
for a 5 C temperature increase (Qs) was less than one for 
curves that depict a toxicity decrease and greater than one 
for curves that depict a toxicity increase with a tempera-
ture increase. The differences between ET 5 values 
calculated for sodium chlorate were all statistica~y insig-
nificant (Table 17), except in two cases where a statistical 
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Figure 15. TLSO values for sodium chlorate bioassays versus the.average temperature occurring during bioassays. 
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average temperature occurring at that concen-
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comparison could not be made. If a statistical comparison 
were possible in these two cases, the comparison would 
probably reveal that there was no significant difference 
between ET 50 values. This conclusion was reached by 
comparing median lethal time ratios (Table 17) in cases 
where a statistical comparison was impossible. For a 
further comparison of the ET 50 values for sodium 
chlorate that were statistically compared, Table 12 gives 
the percent change in ET ~o values found for sodium 
chlorate and the corresponding percent change in the test 
temperature. The percent change in the ET 5 values given 
in this table ranged from -24.8 percent to +~ 1.8 percent. 
For a more detailed discussion of the temperature-toxicity 
relationship in regards to sodium chlorate see Appendix E. 
Physically and Chemically 
Treated Sewage 
Assessment of toxic components 
A review of the chemical characterization of the 
physically and chemically treated sewage (Table 7) dis-
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closes that the only extremely toxic component (residual 
chlorine) was removed prior to bioassays. Sodium chlorate 
(NaCI03) which is not very toxic, was present in the 
treated sewage at a concentration of 13.69 gil and was 
found in this study to have a TLso value of 13.60 gil at 
23.0 C during bioassay SC2. At 22.9 C, a TLso value of 
18.5 percent was calculated for the treated sewage during 
bioassay TS2. With these data the number of toxic units 
of sodium chlorate present at the treated sewage TLso 
concentration of 18.5 percent can be calculated: 
TU C' - -- ............. .. (12) 
TLso 
in which 
and 
C' (18.5 %) ( 13.69 g ~fNaCI03) 
100 hter 
2.53 g ofNaCI03 
liter 
13.60 g of NaCI0 3 
liter 
TU = ~ = 2.53 gil = 0.1862 
TLso 13.60 gil 
Assuming that all toxicities are additive (e.g., the sum of 
ail toxic units equals unity) sodium chlorate accounts for 
18.62 percent of the total toxic action exerted by the 
treated sewage at the TLso concentration for the treated 
sewage of 18.5 percent. 
Salts of the chloride ion might also contribute 
somewhat to the treated sewage toxicity. Since salt (NaCl) 
is added to Thiokot's Physical-Chemical, Zero Discharge, 
Waste Treatement System most of the chloride measured 
in treated sewage is probably in the form of NaCl. The 
concentration of the chloride ion (Table 7) was 5.95 gil; 
therefore, an approximate concentration for sodium 
chloride in the treated sewage might have been: 
NaCl conc. 
NaCl conc. 
_ ( 5.95 gOfCr)( 1 ) 
liter 35.5 g of cr 
mole 
• (58.5 g of NaCI ) 
mole 
9.8 g of NaCI 
liter 
Because the toxicity of sodium chloride to fathead 
minnows could not be found in literature, an average 
TLso value of 11 ,620 mg/l was calculated from 96-hour 
TLsO values given in literature for various fresh water fish 
(McKee and Wolf, 1971; and EPA, 1971). Using this 
average 96-hour TLso value and data previously given, the 
number of toxic units of sodium chloride present at the 
treated sewage TLso concentration of 18.5 percent can be 
calculated: 
C' TU = -- .............. (12) 
TLso 
in which 
C' = (18.5 %) (9.8 ~ of NaCI ) = 1.812 g of NaCI 
100 bter liter 
and 
TL - 11.62 g of NaCI 
so - l't 1 er 
TU = ~ = 1.812 g/l = 0.1559 
TLsO 11.62 g/l 
The sum of the toxic actions exerted by sodium 
chloride and sodium chlorate is about 34.2 percent 
(100(0.1559 TU + 0.1862 TU)/l.O TU = 34.2%) of the 
total toxic action exerted at a treated sewage TLsO value 
of 18.5 percent, assuming that the toxicities exerted by all 
of the toxicants in the treated sewage are additive. Other 
toxicants or synergistic interactions must be present in the 
treated sewage to account for the total toxicity exerted 
by the treated sewage. Ammonia, a toxicant which is 
present in sewage and quite toxic under certain condi-
tions, has been found to exist in treated sewage at low 
concentrations ( < 0.5 mg/I). These low ammonia con-
centrations might be expected since chlorine is present in 
the treated sewage and tends to chemically denitrify the 
nitrogen (Porcella, 1971). 
Effects of temperature on toxicity-
median toxic limit 
The treated sewage used in this study increases in 
toxicity with an increase in temperature (Figure 5). 
Statistically there was not a significant difference between 
toxicities or TLso values obtained for bioassays TS2 and 
TS3, but a significant difference did occur when the TLso 
value for bioassay TSI was statistically compared to the 
TL 50 values for bioassays TS2 and TS3 (Table 15). The 
TLso value obtained for bioassay TS3 was 4.32 percent 
smaller than the TLsO value obtained for TS2, while the 
percent difference occurring when other treated sewage 
waste TLso comparisons were made was greater than 
17.78 percent (Table 10), which was probably greater 
than a percentage value that might be caused by experi-
men tal error. The TL.s 0 versus temperature plot (Figure 
17 also reveals that there was little change in the TLs 0 
values obtained for bioassays TS2 and TS3. For a tem-
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toxicities are additive. Salts of the chloride ion (NaCI~ 
etc.) also contributed to the toxicity of the treated 
sewage. Most of the chloride salts in the treated sewage 
were in the form of sodium chloride; therefore, to assess 
the toxic components in treated sewage, a rough estimate 
of the actual sodium chloride concentration in the treated 
sewage was made. It was estimated that sodium chloride 
accounted for 15.59 percent of the total toxic action 
exerted at the TLso concentration for the treated sewage, 
assuming that the toxicities of all substances in the waste 
are additive. The toxicity contributions made by sodium 
chloride and sodium chlorate at the TLso concentration 
of the treated sewage are less than 35 percent of the total 
contribution required to produce 50 percent mortality ~ 
assuming the additive case for the joint action of toxicants 
describes the action of all toxicants in the waste. 
Therefore~ other toxicants or synergistic interactions must 
be present in the treated sewage to account for 65 percent 
of the remaining toxicity. 
According to a statistical comparison of treated 
sewage TLsO values, the toxicity of treated sewage in 
some cases increased significantly with the temperature 
increases studied. In another statistical comparison~ the 
toxicity of treated sewage, measured with ET 50 values, 
did not change significantly with the temperature in-
creases studied, except in one case. 
Judging from the statistical comparison of ET 50 
values and the Q 10 values calculated for treated sewage~ 
the modes of toxic action for toxicants contained in the 
treated sewage probably involve physical processes. The 
mode of toxic action for toxicants in treated sewage may 
involve diffusion of toxicants through fish tissues. Once 
these toxicants reach receptors in a fish by diffusion, 
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chemical reactions between toxicants and receptors may 
be the cause of fish mortality. 
An alternative to this mode of toxic action might 
involve abnormally high osmotic pressure across cell 
membranes, created by the high salt and dissolved soilds 
concentrations introduced to the bioassay solution by the 
treated sewage. 
The two modes of toxic action mentioned above 
both involve phYSical processes (diffusion and osmotic 
pressure). Since Q 10 values for physical processes 
generally range between 1.1 and 1.2 and Q 10 values for 
the treated sewage were slightly less than or greater than 
this range~ a physical process (diffusion and/or osmotic 
pressure) was probably involved in the toxic action of 
toxicants in the treated sewage. 
Areas for Further Studies 
More experimental work using toxicity units is 
required to determine toxic substances that occur in oil 
refinery wastes and the treated sewage tested in this 
study. The effects of temperature on the toxicity (TLso) 
of individual toxic substances contained in these wastes 
and other wastes need to be determined for a wide range 
of temperatures. The temperatures studied need to range 
from the lower to the upper lethal temperatures of a test 
organism. 
The construction of mathematical models in-
corporating temperature, median lethal time~ and toxicant 
concentration might be helpful in assessing toxicity 
problems in many receiving waters. To construct valid 
mathematical models, the use of continuous flow bio-
assays needs to be incorporated to insure that toxicant 
concentrations remain constant throughout bioassays. 
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Appendix A 
Data for Acclimation Periods 
Table A-I. Data collected during acclimation periods. 
Bioassay: OR 1 
Identification of acclimation container(s): tank B 
Volume of acclimation container(s): 196 liters (one tank) 
Total fish population in acclimation container(s) at beginning of acclimation period: 158 
Total number of fish mortalities observed during acclimation period: 3 
Total number of diseased fish observed during acclimation period: 0 
Date 
Acclimation temp (oC) 
No. of fish mortalities 
No. of diseased fish 
Bioassay: OR2 
6/9 
15.9 
o 
o 
6/10 
16.0 
o 
o 
6/11 
15. 3 
o 
o 
6/12 
15.0 
o 
o 
6/13 
16. 1 
1 
o 
6/14 
16.0 
o 
6/15 
16.7 
o 
o 
Identification of acclimation container(s}: tanks 9C, 12C-16C, 19C, and 20C 
Volume of acclimation container(s): 47.2 liters/tank (eight tanks) 
6/16 6/17 
16. 8 16. 2 
o 0 
o 0 
Total fish population in acclimation container(s) at beginning of acclimation period: 108 
Total number of fish mortalities observed during acclimation period: 1 
Total nwnber of diseased fish observed during acclimation period: 0 
Date 6/9 6/10 6/11 6/12 6/13 6/14 6/15 6/16 6/17 
Acclimation temp (oC) 21. 0 20. 1 20.4 20.8 20.6 20.5 19. 9 20.3 20. 2 
No. of fish mortalities 0 0 0 0 0 0 0 0 1 
No. of diseased fish 0 0 0 0 0 0 0 0 0 
Bioassay: OR3 
Identification of acclimation container(s): tank D 
Volume of acclimation container(s): 400 liters (one tank) 
Total fish population in acclimation container(s) at beginning of acclimation period: 146 
Total number of fish mortalities observed during acclimation period: 0 
Total number of diseased fish observed during acclimation period: 0 
Date 6/17 6/18 6/19 6/20 6/21 6/22 6/23 6/24 6/25 
Acclimation temp (oC) 28.7 28.6 28.8 28.8 28.7 28.8 28.7 28.8 28.8 
No. of fish mortalities 0 0 0 0 0 0 0 0 0 
No. of diseased fish 0 0 0 0 0 0 0 0 0 
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6/18 
15.8 
1 
o 
6/18 
20.3 
0 
0 
6/26 
28.7 
0 
0 
Table A-I. Continued. 
Bioassay: SC 1 
Identification of acclimation container(s): tank B 
Volume of c·cclim.ation container(s): 196 liters (one tank) 
Total fish population in acclim.ation container(s) at beginning of acclim.ation period: 122 
Total num.b,~r of fish m.ortalities observed during acclim.ation period: 0 
Total numb ~r of diseased fish observed during acclimation period: 0 
Date 8/3 8/4 8/5 8/6 8/7 8/8 8/9 8/10 8/11 
Acclim.atio tem.p (oC) 15.5 15.5 15.0 15.0 15.0 16.0 16.0 16. 5 17.0 
No. of fish mortalities 0 0 0 0 0 0 0 0 0 
No. of diseased fish 0 0 0 0 0 0 0 0 0 
Bioassay: SC2 
Identification of acclim.ation container(s): tanks 7C-12C. 14C-17C, 19C, and 20C 
Volume of acclimation container(s): 47.2 liters/tank (twelve tanks) 
Total fish population in acclim.ation container(s) at beginning of acclim.ation period: 154 
Total number of fish m.ortalities observed during acclimation period: 4 
Total number of diseased fish observed during acclimation period: 0 
Date 
Acclimation temp (oC) 
No. of fish mortalities 
No. of diseased fish 
Bioassay: SC3 
8/12 
22.9 
1 
o 
8/13 
22.5 
o 
o 
8/14 
23.0 
o 
o 
Identification of acclim.ation container(s}: tank D 
8/15 
22.8 
1 
o 
8/16 8/17 
23. 0 22. 1 
o 0 
o 0 
Volume of acclim.ation container(s): 400 liters (one tank) 
8/18 8/19 
22.4' 22.5 
o 1 
o 0 
8/20 
22.9 
o 
o 
Total fish population in acclim.ation container(s) at beginning of acclimation period: 197 
Total number of fish m.ortalities observed during acclimation period: 6 
Total numbet of diseased fish observed during acclim.ation period: 0 
Date 
Acclimation temp (oC) 
No. of fish mortalities 
No. of diseasec fish 
8/11 
28.8 
o 
o 
8/12 
28.7 
1 
o 
8/13 
28.9 
2 
o 
8/14 
28.7 
o 
o 
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8/15 
28.7 
1 
o 
8/16 
28.8 
o 
8/17 
28.7 
1 
o 
8/18 '8/19 
29.0 29. 0 
o 0 
o 0 
8/12 
16. S 
0 
0 
8/21 
22. 3 
o 
8/20 
29.0 
o 
o 
Table A-t. Continued. 
Bioassay: TSI 
Identification of acclimation container(s): tank B 
Volume of acclimation container(s): 196 liters (one tank) 
Total fish population in acclimation container(s) at beginning of acclimation period: 175 
Total nwnber of fish mortalities observed during acclimation period: 2 
Total number of diseased fish observed during acclimation period: 0 
Date 9/21 9/22 9/23 9/24 9/25 9/26 
Acclimation temp (oC) 16.5 16.7 17.0 16.9 16.9 16.9 
No. of fish mortalities 0 0 0 0 0 1 
No. of diseased fish 0 0 0 0 0 0 
Bioas say: TS2 
Identification of acclimation container(s): tanks 8C, and 12C-16C 
Volume of acclimation container(s): 47.2 liters/tank (six tanks) 
9/27 9/28 9/29 
16.3 16.2 17.0 
0 0 
0 0 0 
Total fish population in acclimation container(s) at beginning of acclimation period: 104 
Total number of fish mortalities observed during acclimation period: 0 
Total number of diseased fish observed during acclimation period: 0 
Date 9/28 9/29 9/30 10/1 10/2 10/3 10/4 10/5 10/6 
Acclimation temp (oC) 22. 8 22.8 22.5 22.8 22.2 23.0 22.4 23.2 23.5 
No. of fish mortalities 0 0 0 0 0 0 0 0 0 
No. of diseased fish 0 0 0 0 0 0 0 0 0 
Bioas say: TS3 
Identification of acclimation container(s): tank D 
Volume of acclimation container(s): 400 liters (one tank) 
Total fish population in acclimation container(s) at beginning of acclimation period: 215 
Total number of fish mortalities observed during acclimation period: 4 
Total number of diseased fish observed during acclimation period: 0 
Date 9/29 9/30 10/1 10/2 10/3 10/4 10/5 10/6 10/7 
Acclimation temp (oC) 29.0 29.0 29.0 29.0 29.0 29.0 29. 1 29.0 29.0 
No. of fish mortalities 0 0 0 0 1 1 1 1 0 
No. of diseased fish 0 0 0 0 0 0 0 0 0 
49 
9/30 
16.8 
0 
0 
10/7 
22.9 
0 
0 
10/8 
29.0 
0 
0 

Appendix B 
Data for Bioassay Tests 
Table B-1. Time of fish mortality in each bioassay container. 
Bioassay: ORI 
Identification Time of fish Oil refinery 
nwnbers for mortality oecur- Weights Lengths 
waste con- bioassay renee, in hours of fish of fish 
centration (%) from. the start (g) ( CITl) 
containers 
of bioassay 
3. 2 2A 28.75 1. 71 4.7 
4.2 3A 12.00 1. 21 4.4 
4.2 3A 61. 50 2. 11 4.3 
5. 6 4A 12.00 1. 33 4. 6 
5. 6 4A 12.00 O. 80 3. 9 
5. 6 4A 12.00 1. 02 4. 1 
5. 6 4A 12.00 1. 01 4.0 
5. 6 4A 12. 00 1. 13 4. 1 
5. 6 4A 12.00 1. 25 4.3 
5. 6 4A 13.50 1. 37 4.2 
5. 6 4B 7.50 1. 28 4.6 
5. 6 4B 7.50 1. 01 4. 1 
5. 6 4B 12. 00 1. 06 4.2 
5. 6 4B 12.00 1. 30 4.4 
5. 6 4B 12.00 O. 91 4.2 
5. 6 4B 24.50 1. 31 4.7 
5. 6 4B survivor 1. 32 4.4 
7.S SA 3.00 1. OS 4. 1 
7.S 5A 3.00 1. 14 4.2 
7.5 SA 4.S0 0.97 4.0 
7.S SA 7.50 1. 19 4.2 
7.5 5A 7.S0 1. 30 4.4 
7.5 SA 7.S0 0.87 3. 8 
7. S SA 7.S0 1. 01 4.0 
7.S SB 1. 00 0.86 4.0 
7.S 5B 3.00 O. 67 4.0 
7.5 5B 3.00 1. 19 4.7 
7.5 5B 4.S0 1. 23 4.4 
7.5 5B 4.50 1. 42 4.6 
7.5 5B 7.50 1. 48 4.7 
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Table B-3. Dissolved oxygen (mg/l) measured in each bioassay container. 
Bioassay: OR 1 Mean dissolved oxygen: 8.70 mg/l 
Number of Oil refinery waste concentrations and identification nurnbers for bioassay containers 
hours from 
start of 
bioassay 
4.00 
12.75 
25.25 
36.75 
49.00 
61. 75 
73.50 
85.00 
97.00 
0.0% 2.4% 3.2% 4.2% 5.6% 7.5% 10.0% 
OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 
6.876.878.008.008.008.007.727.728.008.318.318.46 8.118.90 
6.68 6.68 8.31 8.90 8.90 9.20 9.20 9.05 8.11 9.94 10.38 10.38 10.68 10.38 
6.08 6. £3 7.33 10.60 9.81 7.48 4.05 5.61 
5.76 5.92 7.17 8.4110.91 7.79 9.04 9.66 
5. 30 4. 98 11. 22 13.40 13.40 13.09 12. 75 13.40 
5.14 4.68 9.9712.1512.4711.5311.5311.53 
4.93 4.44 7.37 9.58 8.84 9.09 8.60 8.35 
4.68 4.44 7.99 8.84 10.07 9.21 7.61 7.99 
4.44 4.05 8.35 9.09 13.40 12.15 11. 53 9.97 
12.75 
12.93 
9. 81 
11.53 
9.46 
6.63 
7.37 
Bioassay: OR2 Mean dissolved oxygen: 9.23 mg/l 
Number of Oil refinery waste concentrations and identification numbers for bioassay containers 
hours from 
start of 
bioassay 
0.0% 
OA OB 
2.4% 3.2% 
lA IB 2A 2B 
4.2% 5.6% 7.5% 10.0% 
3A 3B 4A 4B 5A 5B 6A 6B 
2.25 8.45 8.45 9.14 9.48 9.48 8.91 8.91 10.17 8.79 8.79 8.67 8.79 10,17 9.59 
12.50 
25.75 
37.25 
49.50 a 
61. 25 
73.75 
85.50 
96.50 
6.39 6.51 9.59 10.97 10.05 8.79 8.34 11.65 10.39 9.03 9.82 9.59 12.90 11.08 
6.22 6.46 9.33 9.81 8.98 8.14 7.42 10.53 
5.03 5.50 9.81 7.66 9.57 8.26 2.39 10.53 
2.15 2.63 9.57 8.8510.53 7.1810.7711.96 
4.43 4.78 7.90 7.30 8.62 6.22 8.85 10.41 
9.49 9. 14 12.81 11. 39 13.05 10.68 10.56 14.38 
9.61 9.26 11.39 10.68 '12. 34 11.28 10.20 12.58 
9.81 10.56 10.53 9.b2 11.39 11. 08 9.81 11. 96 
a Oxygen was supplied to tanks OA and OB. 
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8.85 
10.05 
5.03 
9. 62 
10. 91 
10.56 
10.53 
Table B-3. Continued. 
Bioassay: OR3 Mean dissolved oxygen: 7.36 mg/l 
Number of Oil refinery waste concentrations and identification numbers for bioassay containers 
hours from 
start of 
bioassay 
1, 00 
10.75 
23.75 
36.75 a 
48.50 
59.00 
72.75 
84. 25 
96. 00 
0.0% 2.4% 3.2% 4.2% 5.6% 7.5% 10.0% 
OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A bB 
6.39 6.39 6.39 6.84 6.69 6.69 6.62 6.69 6.69 6.69 6.54 7.00 6.77 6.84 
5.10 5.47 6.08 6.84 4.72 5.10 5.17 4.26 4.57 5.12 5.78 5.32 5.47 5.32 
4.264.576.843.817.307.607.307.003.816.693.955.17 
3.42 3.95 7.60, 7.60 '7.51 8.52 7.91 8.36 7.23 8.21 7.91 7.30 
4.264.107.237.007.458.908.527.608.218.527.608.06 
4.76 5.10 8.44 8.36 8.82 9.51 8.29 9.12 8.97 8.82 6.84 8.36 
7.30 7.00 8.44 8.52 8.97 9.58 8.44 9.20 8.82 9.58 7.23 8.52 
8.528.368.528.299.209.898.679.519.128.827.608.75 
8.97 8.82 8.82 8.52 9.51 10.43 9.87 9.97 9.58 8.90 8.21 8.97 
a Oxygen was supplied to tanks OA and OB. 
Bioassay: SC 1 Mean dissolved oxygen: 5.99 mg/l 
Number of Sodium chlorate concentrations and identification nwnbers for bioassay containers 
hours froIT. 
start of 
bioassay 
0.25 
11. 50 
24. 25 
36.00 
47.50 
59.25 
71. 50 
83.00 
96.25 
D. 0 gIl 5. 60 g/l 7.50 gil 10.0 gIl 13.5 gIl 18.0g/l 24.0 gil 
OA DB 1A IB 2A 2B 3A 3B 4A 4A 5A 5B 6A 6B 
8.878.718.718.568.408.258.258.258.568.568.878.71 9.17 9.17 
7.49 7.34 7.34 7.18 7.18 7.03 7.34 7.03 7.34 7.34 
6.416.416.097.056.096.735.936.897.376.73 
6.73 6.25 6.09 6.09 6.09 5.77 5.77 5.77 6.09 6.41 
6.09 5.77 5.77 5.61 5.77 5.77 5.61 5.45 6.09 5.77 
5.615.455.134.814.964.815.134.815.775.77 
4.49 4.33 4.16 4.65 4.49 4.81 4.65 4.65 5.45 4.49 
4.33 4.49 4.16 4.00 4.49 4.16 4.49 4.49 5.13 5.45 
4. 16 4. 16 4. 00 4. 16 4. 33 4. 00 4. 33 4. 00 4. 65 4. 81 
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Table B-3. Continued. 
Bioassay: SC2 Mean dissolved oxygen: 5. 82 mg/1 
Number of 
hours from 
start of 
bioassay 
Sodiwn chlorate concentrations and identification numbers for bioassay contaIners 
0.0 g/l 5.60 gIl 7.50 gil 10.0 gil 13.5g/l 18.0 g/l 24. a g/l 
.-----
OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 
O. 60 6. 51 6. 51 6. 29 6. 29 6. 75 6. 75 6. 63 6. 86 6. 51 6. 51 6.51 6. 75 6. 63 6.51 
9.85 5.85 5.62 5.28 5.73 5.96 5.62 5.50 5.62 5.39 5.39 6.29 6.29 
23.90 
34. bOa 
47.60 
58. 60 b 
70. 60 
82.60 
96. 10 
4.49 4.72 4.84 4.49 4.72 4.27 4.49 4.05 4.49 4.05 
3. 82 3. 37 3. 37 3.26 4.05 3.33 3. 60 3. 37 4. 27 3.82 
6.975.393.374.496.517.198.094.846.97 6.97 
6.866.975.855.397.657.087.655.397.656.75 
6.866.515.735.507.306.757.655.627.426.40 
6.516.515.625.506.636.296.975.507.086.18 
6.186.295.395.286.186.636.515.396.756.18 
a Oxygen was supplied to all tanks. 
b Oxygen was turned off in all tanks. 
. Bioassay: SC3 Mean dissolved oxygen: 5. 16 mg/l 
Nwnber of 
hours from 
start of 
bioassay 
Sodiwn chlorate concentrations and identification numbers for bioassay containers 
0.85 
11. 10 
25.85 
35. 10 
47.35 
59.85 
72.85 
83.85 
96.35 
O. 0 g/l 4. 2 gIl 5. 6 gIl 7.5 gIl 10.0 gIl 13.5 gIl 18. 0 ~ 'I 
OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 
6.44 6.33 6.44 6.44 6.33 6.44 6.22 6.33 6.33 6.44 6.22 6.33 6.55 6.44 
4.67 4.67 4. 78 4. 67 4. 67 4.44 4.44 4. 22 4.22 4. 11 4. 11 4. 11 4.22 4. 11 
4.44 4.56 4.44 4.56 4.56 4.22 4.44 4.00 4.22 4.22 4.22 4.33 
4.44 4.44 5. 11 3.78 4. 67 4.56 4. 89 5. 00 4.44 5. 33 5. 11 5.56 
4.67 4.78 5.11 4.22 5.11 4.89 5.33 5.56 4.44 5.56 6.00 5.89 
4.67 4.89 5.33 4.00 5.11 4.78 5.78 5.78 4.67 5.67 6.44 5.89 
4.675.115.674.225.565.005.785.894.876.116.676.67 
4.444.895.624.225.335.115.566.004.896.226.676.44 
4.224.445.334.445.224.785.006.335.005.896.336.11 
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4.00 
Table B-4. Continued. 
Bioassay: TSI Mean pH: 7.50 
Nwnbcr of Treated sewage concentrations and identification numbers for bioassay containers 
hours from 0.0% 7.5% 10.0% 13.5% 18.0% 24.0% 32.0% start 01 
bioassay OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 
2.25 7.52 7. 30 7.40 7.40 7.50 7.58 7.50 
23. 25 7. 60 7.30 7.42 7.45 7.50 7.60 7.45 
48.00 7.65 7.25 7.50 7.60 7.61 7.70 
71. 75 7.65 7.30 7.45 7.55 7.55 7.60 
Bioassay: TS2 Mean pH: 7.96 
1. 75 7.95 8.10 7.82 8.06 8.01 8.00 7.98 
26.00 7.78 7.90 7.95 7.95 8.00 8.00 8.20 
49.25 7.80 7.90 7.95 7.90 8.00 8.02 
73.75 7. 60 8.00 7.91 7.81 8. 19 
Bioassay: TS3 Mean pH: 7.92 
1. 75 7.68 7.90 7.95 7.95 7.95 8.00 8.00 
25.00 7.80 7.92 7.90 7.90 7.93 8.05 8. 10 
49.50 7.81 7.90 7.90 7.90 7.95 8.00 
72.50 7.79 7.91 7.90 7.93 7.95 
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Table B-S. Phenol concentrations (mg/l) measured in bioassay containers. 
Bi oas say: ORl 
Nl.Uuber of Oil refinery waste concentrations and identification ntunbers for bioassay containers 
hours from 
start of O. 0% 2.4% 3. 2% 4.2% 5.6% 7. 5% 10.0% 
bioas say OA OB lA IB 2A 2B 3A 3B 4A 4B 5A 5B 6A 6B 
0.00 
b 
0.00 0.00 5.42 5.42 7.24 7.24 9.49 9.49 12.65 12.65 16.94 16.94 22.6 22.6 
13.00 a a a a 
13.50 a 
52.00c 0.00 0.00 . l380 .1554 • 218 .207 .915 .1725 3. 12 2.54 14. 13 9. 66 19. 31 17. 60 
96.00d a a a a a a a a a 
97.00 0.00 0.00 .0604 .0725 .0364 .0518 .0984 .0588 .507 
Bioassay: OR2 
O.OOb 0.00 0.00 5.42 5.42 7.24 7.24 9.49 9.49 12.65 12. 65 16. 94 16. 94 22.6 22.6 
~.OO a a a a 
8.00 a 
53. DOc 0.00 0.00 .930 1. 075 .690 .598 1. 120 .224 3.80 2.09 7.59 7.59 10.70 10. 35 
96. DOd a a a a a a a a a 
98.00 0.00 0.00 .298 .521 .0690 .0690 .0673 .0863 .1345 
a N1.llTIber of hcurs from start of bioassay that aeration was termlnated. 
c d b Average of three replicates. No replicates. Average of two replicates. 
Bioassay: OR3 
Number of Oil refinery waste concentrations and identification ml1nbers for bioassay containers 
hours from 
start of 0.0% 2.4% 3. 2% 4.2% 5.6% 
bioassay OA OB lA IB 2A 2B 3A 3B 4A 
O.OOb 0.00 0.00 4.07 4.07 5.42 5.42 7.24 7.24 9.49 
10.75 
50.50 c 0.00 0.00 .0362 .0759 .084S .0690 .1363 .1139 .1294 
96.00 a a a a a a a a a 
a Ntunber of hours from start of bioassay that aeration was terminated. 
b Average of three replicates. 
C Average of two replicates. 
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4B 
9.49 
.1587 
a 
7. 50/0 10.0% 
-----
5A 5B 6A 6B 
12.65 12. 65 16.74 16.94 
a a 
.345 .259 .098i:s 1846 
a a 

Appendix C 
Miscellaneous Tables 
Table C-l. Chemical analysis of well and spring water used in Logan City's culinary water supply. 
Well Sprin~ Chemical Substance Water a Water 
Turbidity Units o. 15 0.30 
Conductivity I-l mhos/ cm 425. 270. 
pH 7.9 8.0 
Total Dis solved Solids 224 148 
Total Alkalinity as CaC03 198 138 
Aluminum (AI) 
Arsenic (As) 0.00 0.00 
BariUlll (Ba) O. 00 O. 00 
Bicarbonate (HC03) 239. 166. 
Boron (B) O. 01 0.00 
Cadmium (Cd) 0.00 0.00 
Calcium (Ca) 49. 40. 
Carbonate (C03) 1.0 0.92 
Chloride (Cl) +6 19. 11. 
Chromium (Hex) (Cr ) 0.00 0.00 
Copper (Cu) 0.00 0.00 
Cyanide (CN) 
Fluoride (F) O. 14 O. 10 
Total Hardness as CaC03 210. 140. Hydroxide (OH) O. 0 1 0.02 
Iron (Total) (Fe) 0.02 0.00 
Iron in Filtered Sample (Fe) 0.00 0.00 
Lead (Pb) O. 00 0.00 
Magnesium (Mg) 21. 10. 
Manganese (Mn) 0.00 0.00 
Nitrate (NO ) 1.4 1.3 
Phosphate (PO 4) 0.4 O. 3 
Phenols 
Potassium (K) 1.0 0.00 
Selenium (Se) 0.00 0.00 
Silica (Si02) 7.0 3. 0 
a Chemical analysis is adapted from a publication by the Utah State 
Division of Health (1969). 
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Table C-l. Continued. 
Chem.ical Substance 
Silver 
Sodium. (Na) 
Sulfate (SO ) 
Surfactant fA B S) 
Zinc (Zn) 
Well 
a Water 
0.00 
4.0 
8. 0 
0.00 
0.04 
Sprin~ 
Water 
0.00 
1.0 
3. 0 
0.00 
O. 0 I 
a Chem.ical analysis is adapted from. a publication by the Utah State 
Division of Health (1969). 
Table C-2. Equipment list for temperature control in acclimation tanks. 
List of Equiprn.ent 
Solenoid valves (two 
required, both nor-
rnally closed) 
Mercury plunger 
relay 
Mercury plunger 
relay 
The rmo - regula tar s 
(two required) 
Description of 
Equiplllent 
Norm.ally closed, with-
out magna-latch, 120 
volts, 8 watts, 5-150 
psi, 1/2 inch orifice 
Normally open 
Normally closed 
Eight inch ern.er sian 
depth 
72 
Com.pany that equip-
m.ent was ordered 
from. 
Skinner Electric 
Valve Division; New 
Britian, Conn; cata-
log no. LC2DB4150 
Van Waters and 
Rogers Catalog; 
catalog no. 61841-008 
Van Waters and 
Rogers; catalog no. 
61841-020 
Van Waters and 
Rogers; catalog no. 
61840-049 
Table C-3. Analytical technique for detennining sodium chlorate in the presence of ammonia perchlorate and sodium 
hypochlorite. 
Analytical Methods Development Section, Thiokol Chemical Corporation-Wasatch Division, Brigham City, Utah. 
DEVELOPMENT ANALYTICAL PROCEDURE 0094 REV. A 
Determination of Sodium Chlorate in Sewage Samples 
1.0 TEST DESCRIPTION 
The sample is boiled with a known amount of ferrous sulfate solution to reduce the chlorate and hypochlorite. The 
excess ferrous sulfate is titrated with permanganate. The hypochlorite is determined on another aliquot by adding 
potassium iodide. The following reaction will not destroy chlorate at a pH of 4. 
The amount of iodine formed is titrated with sodium thiosulfate. 
The milligrams per liter sodium chlorate is then calculated from these titrations. 
2.0 REAGENTS 
2.1 
2.2 
2.3 
Ferrous sulfate, solution, weigh 7 g of reagent grade ferrous sulfate (FeS04 · 7H20) into a 250 ml beaker. Add approximately 100 ml of H ° and 10 rn1 of concentrated H2S04. When the ferrous sulfate is dissolved, 
transfer quantitatively into a 10nO rn1 volumetric flask and dilute to volume with distilled water. Protect 
against air oxidation. 
Mixed acid, to approximately 500 rn1 of water carefully add 150 rn1 concentrate sulfuric acid and 100 ml of 
phosphoric acid. Dilute to 1 liter with distilled water. 
Potassium permanganate 0.1 N. Dissolve 3.2 g of reagent grade potassium permanganate (KMn04) in 1 liter 
of water, heat the solution to boiling, and keep slightly below the boiling point for 1 hour. Filter the liquid 
through a sintered glass fIlter crucible. Transfer ftltrate to a clean dark bottle and label. This solution should 
be standardized regularly as follows: 
Weigh 0.1 g of pure sodium oxalate (dried at 105 -110 F) into a 250 rn1 Erlenmeyer flask, dissolve in 
60 ml of water, add 15 rn1 of 1:8 sulfuric acid, heat to 80 -90 C and titrate slowly with permanganate 
to the first permanent pink tinge. The temperature of the solution should be above 60 C at the end 
point. Calculate the normality of permanganate as follows: 
Wt Na2C204 
N = --------~----
ml KMn04 x 0.067 
2.4 Potassium iodide (KI) 
2.5 Sodium acetate, acetic acid buffer solution pH 4, dissolve 243 g of sodium acetate trihydrate (NaC 2H3 . 
3H 20) and 480 g glacial acetic acid in 400 m1 distilled water and dilute to 1 liter. 
2.6 Sodium thiosulfate solution 0.1 N. Dissolve in 1 liter of distilled water 25 g of Na2S203 . 5H20 and add 0.1 
g of sodium carbonate to the solution. Allow the solution to stand for a day before standardizing. This may 
be standardized by any approved method. The following is one method. 
Weigh out 0.2 g of primary standard potassium dichromate (K2Cr 207) and dissolve in 50 m1 of water. Add 2 g of potassium iodide (KI) and 8 ml of concentrated hydrochloric acid. Mix thoroughly and 
titrate with thiosulfate, swirling the liquid constantly until the brown color has changed to yellowish 
green. Add a few m1 of starch solution and continue the titration until the color changes sharply from 
blue to light green. Calculate normality of Na2S2 03 as follows: 
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Table C-3. Continued. 
Wt K2Cr207 
N=--------
ml Na2S203 x 0.049 
2.7 Starch solution 1 percent, mix 109 of soluble starch with 50 ml of water. Add this solution to 1 liter of 
boiling distilled water. Add 0.01 g of mercuric iodide as a preservative, and continue boiling and stirring for a 
few minutes. Cool to room temperature and transfer to storage bottle. 
3.0 DETERMINATION OF HYPOCHLORITE 
3.1 Mter mixing to make sure a representative sample is obtained pipette a 10 ml aliquot into a 250 ml flask. 
(Note the same size aliquot should be used for chlorate determination) Add 50 ml of distilled H20 and 2 g of KI. Add 15 ml of acetic acid sodium acetate buffer and mix thoroughly. 
3.2 Titrate the liberated iodine with standard sodium thiosulfate until the mixture is a straw yellow in color. Add 
5 rn1 of starch solution and continue titrating until the dark blue color disappears. 
3.3 Record titration ml of Na2 S2 03 used. 
4.0 DETERMINATION OF CHLORATE 
4.1 After mixing to make sure a representative sample is obtained pipette a 10 ml aliquot into a 250 ml flask 
fitted with a ground glass stopper. (Note the same size aliquot should be used for the hypochlorite 
determination.) Add approximately 75 ml of H20. 
4.2 Add 75 ml of FeS04 solution using a pipette or burret. Add 10 ml of mixed acid solution. 
4.3 Add a few glass beads and boil for 5 minutes. Stopper and cool to room temperature. 
4.4 Titrate with 0.1 N KMn04 to the first permanent faint pink end point. Record ml of KMnO 4 used. 
4.5 Run at least two blanks starting with step 4.2. 
5.0 CALCULATION 
mg/l NaCI03 
H(B - S) N] - (A x C)} x 0.01774 x 106 
mlofsample 
in which: 
B 
S 
N 
A 
C 
= 
= 
ml of KMn04 used in blank 
ml of KMn04 used in sample 
Normality ofKMn04 
mlofNa2S20 
Normality ofNa2S203 
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Appendix D 
Temperature-Toxicity Discussion 
(Oil Refinery Waste) 
With an increase in temperature, the Arrhenius 
equation might be used to predict an increase in the rate 
of a chemical reaction between a toxicant and a receptor 
in a fish. Assuming the chemical reaction between the 
receptor and the toxicant is the direct cause of fish 
mortality, the median lethal time might depend directly 
on the reaction rate of the chemical reaction, if the time 
of toxicant transport to the receptor is insignificant. If the 
median lethal time depends directly on the above chemi-
cal reaction rate, the inverse of the median lethal time or 
velocity of fatality (1/ET~W) is directly proportional to 
the chemical reaction rate ~K): 
K~ 
. . . . . (D-l) 
In this case, a chemical reaction rate increase caused by a 
temperature increase, or the resulting velocity of fatality 
increase caused by the reaction rate increase might be 
described by the Arrhenius equation: 
or 
ETsO 
In 2 
1 KT+IO n---
KT 
1 
ETsOl 
In 
ET 
sOT+IO 
ETsO T 
Ea[(T + 10) - T] 
R(T) (T + 10) 
in which the QlO value can be calculated with velocity of 
fatality values found at 10 C temperature intervals on a 
velocity of fatality versus temperature graph similar to the 
one shown in Figure 14. 
The absorption rate of a toxicant through an 
organism's tissues may be the limiting factor which 
determines ETso values. In this case, the time required to 
incapacitate receptors with a toxicant is insignificant in 
comparison to the time required for a toxicant to reach 
7S 
receptors by absorption; therefore, the absorption rate is 
proportional to the velocity of fatality (l/ET SO), if other 
variables are not involved in the situation. 
absorption rate ~ . . . . . . . . (D-3) 
or 
(absorption rate h 
(absorption rate)l 
ET 
so 
ETsO 2 
The rate of toxicant absorption in some cases is 
dependent on chemical reactions. For example, phenol 
has the ability to penetrate tissues by forming a 
phenol-protein complex and then disassociating to form 
other complexes. Assuming that the toxicant absorption 
or penetration rate is dependent on chemical reaction 
rates (K) and is proportional to the velocity of fatality, 
the relationship between temperature and the velocity of 
fatality might again be expressed with the Arrhenius 
equation: 
or 
KT+ 10 In---
(absorption rate h 
1n-------
(absorption rate h 
(absorption rateh+lO 
In--------
(absorption rate h 
In QIO Ea[(T+ 10) - T] 
R (T) (T+I0) 
ETs02 
1 
ETsOl 
.... (D-4) 
Activation energy values (Ea) calculated with the 
Arrhenius equation for a simple chemical reaction con-
ducted at different temperatures should remain relatively 
constant. Activation energy values calculated using the 
velocity of fatality (Table 19)· also should remain con-
stant, assuming the velocity of fatality is directly propor-
tional to the rate of a simple chemical reaction. Activation 
energy values (Table 19) calculated for oil refinery waste 
using the Arrhenius equation differ quite significantly. 
Q 10 values (Table 19), which can be calculated with the 
Arrhenius equation and are relatively constant for a given 
chemical reaction, also differ quite significantly. The 
cause of this difference was probably due to the depletion 
of toxic components, namely phenol, in the oil refinery 
waste during tests (see the discussion on phenol depletion 
in the preceding section). The slope of the lines in Figure 
14 reveal that a relatively large depletion of phenol may 
have occurred at the highest and next to the highest velo-
city of fatality values plotted for an oil refinery waste 
concentration of 7.5 percent. These same velocity of fa-
tality values explain the low Q 1 and activation energy 
values (Table 19) which were c~culated for oil refinery 
waste using the Arrhenius equation. 
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When the mode of toxic action is related to physical 
interactions between a toxicant and vital components of a 
fish, QI0 values of 1.1 to 1.2 might be expected 
(Middlebrooks et al., 1973). When a chemical reaction is 
involved in the toxic action, Q 1 0 values might range from 
2 to 4 or higher, depending on the activation energy (Ea) 
of the chemical reaction involved. From the Q 10 and 
activation energy values found for oil refinery waste, the 
toxic actions of the toxicants (phenol, etc.) contained in 
the waste are probably related to some chemical reaction, 
assuming the lowest QI0 and activation energy value in 
Table 19 are excluded as being bad data points. 
A more extensive investigation is required if 
approximate activation energy values and Q 1 0 values for 
this type of oil refinery waste are to be determined. More 
information is also needed to determine if the Arrhenius 
equation describes toxicity increases for oil refinery waste 
with temperature increases. Continuous flow bioassay 
techniques should be incorporated to prevent depletion of 
phenol and other toxic components in oil refinery waste. 
Appendix E 
Temperature-Toxicity Discussion 
(Sodium Chlorate) 
When the chlorate ion is absorbed into the human 
body, it will destroy red corpuscles and promote the 
conversion of hemoglobin to methemoglobin (Goodman 
and Gilman, 1970). Upon absorption of the chlorate ion 
by fish, similar receptors may be destroyed. 
The absorption rate of sodium chlorate or the 
chlorate ion through cellular tissue may be the limiting 
factor which determines ET 50 values for sodium chlorate. 
In this case the time required to incapacitate receptors 
with sodium chlorate is insignificant in comparison to the 
time required for sodium chlorate to reach receptors by 
absorption; therefore, the absorption rate is proportional 
to the velocity of fatality (l/ET 50) if other variables are 
not involved in the situation. 
or 
absorption rate:::: . . . . . . . . (E-I) 
ETso 
(absorption rate h 
(absorption rate)1 
ETS01 
From the above expression, the following expression can 
be developed: 
(absorption rate)T+10 
(absorption rate)T 
ET 50T+10 
ET50T 
Q10 . (E-2) 
in which T equals the temperature in degrees Centigrade 
and the Q 10 value can be obtained from velocity of 
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fatality versus temperature curves. Assuming that absorp-
tion is the limiting factor which determines ET 50 values, 
Q 10 values for the velocity of fatality might be expected 
to range between about 2 and 4, if chemical reactions are 
involved in the absorption process. From Qs values 
obtained for sodium chlorate (Figure 16), Q 10 values 
obviously do not range between 2 and 4. Judging from Q5 
values, it is more likely that sodium chlorate is absorbed 
by diffusion rather than a process involving chemical 
reactions. 
The fact that sodium chlorate ET 50 values, found at 
different temperatures, did not differ significantly in a 
statistical comparison is more evidence supporting dif-
fusion as the mode for sodium chlorate absorption. The 
rate of diffusion is believed to increase about 10 percent 
with an increase in temperature of 10 C; therefore, 
experimental error or other variables involved in sodium 
chlorate uptake might explain why velocity of fatality 
values, if proportional to diffusion rates, did not increase 
by 10 percent with a 10 C temperature increase. 
The above discussion is based on the premise that 
mortality occurs when chemical reactions take place 
between sodium chlorate and receptors in fish, once 
sodium chlorate reaches receptors by diffusion. Other 
factors may influence the toxicity of sodium chlorate. 
One of these factors, which can cause fish mortality, is 
abnormally high osmotic pressures across cell membranes. 
Abnormally high osmotic pressures probably occurred 
during sodium chlorate bioassays, because high sodium 
chlorate concentrations were required to produce 50 
percent mortality in 96-hour bioassays. The toxic effect 
of osmotic pressure on fish might increase 10 percent with 
a 10 C temperature increase, since osmotic pressure is a 
physical phenomena whose magnitude is known to in-
crease with increasing temperatures. 

Appendix F 
Temperature-Toxicity Discussion 
(Treated Sewage) 
The absorption rate of toxicants in the treated 
sewage may be the limiting factor which determines ET 50 
values for the treated sewage. If this is the case, the 
following relationship developed for absorption of sodium 
chlorate will also apply for absorption of toxicants 
contained in the treated sewage waste: 
(absorption rate)r+l0 
(absorption rate)T 
ET 50T+10 
ET50T 
QlO . (F-l) 
in which T equals the temperature in degrees Centigrade 
and the Q 10 value is obtained from velocity of fatality 
versus temperature curves. Treated sewage QlO values, 
that correspond to Q5 values in Figure 18, range between 
0.953 and 1.339. Judging from this range of QlO values 
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most of the toxicants in the treated sewage were probably 
absorbed by diffusion rather than other mechanisms 
assuming that absorption was the limiting factor which 
determines ET 50 values. 
The above discussion is based on the idea that 
mortality occurs when chemical reactions take place 
between toxicants and receptors in fish, once the toxi-
cants reach receptors by absorption. Other factors may 
influence the toxicity of treated sewage. One of these 
factors, which can cause fish mortality, is osmotic 
pressure across cell membranes. Relatively high osmotic 
pressures probably 'occurred during treated sewage bio-
assays, because of the large quantities of salt and dissolved 
solids introduced to the bioassay solution by the> treated 
sewage. The effects of temperature on the toxic action of 
osmotic pressure was discussed briefly in the section: 
"Effects of Temperature on the Toxicity of Sodium 
Chlorate-Median Lethal Time." 

